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I, THOMAS M. ROBERTS, declare and state as follows: 
Bibliographic Information: 

1 . I reside at 1 3 Berkeley Street, Cambridge, MA 02 1 3 8. 

2. I received a Ph.D. degree in Biochemistry and Molecular Biology from Harvard 
University in 1976. 

3. I was a post-doctoral fellow in the laboratory of Dr. Mark Ptashne at Harvard 
University between 1976 and December 1980. 

4. I presently hold the position of Professor of Pathology at Harvard Medical 
School. I am also the Chairman of the Division of Medical Sciences at Harvard University, the 
Faculty Dean at Harvard Medical School, and the Co-Chair of the Department of Cancer Biology 
at the Dana Farber Cancer Institute. 

5. My complete academic background, professional experience and honors are set 
forth in my curriculum vitae, a copy of which is attached hereto as Tab A. 

The Problem of Mass-Producing Interferon — The Solution of Bacterial Protein Expression 

6. Human fibroblast and leukocyte interferons were the subject of intense interest 
well before March 19, 1980. Numerous groups were studying the interferons because at the 
time, the anti-viral ability of interferons was well-known and groups were also actively 
investigating potential anti-cancer applications. For example, the 1976 New England Journal of 
Medicine publication by Greenberg et al. (Tab B) reported the effect of human leukocyte 
interferon on Hepatitis B Virus infection in human patients; the 1978 Journal of the National 
Cancer Institute publication by Friedman (Tab C) reviewed the antiviral activity and anti-tumor 
effects of interferons. 

1 
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7. Corporations and laboratories were interested in expressing interferon in bacteria 

because it was well-known in 1979 that interferon clinical research was hampered by the 

problem of producing enough interferon for wide-scale clinical studies. Corporations and 

laboratories involved in the cloning and/or expression of human fibroblast or leukocyte 

interferon in early 1980 included at least the Ptashne Laboratory, Genentech, Biogen, the 

Weissmann Laboratory, and the Fiers Laboratory. The problem of interferon mass production 

was published in the July 1979 Anonymous Research Disclosure entitled "The production of 

interferon by 'genetic engineering,'" (Tab D): 

Human interferon is usually produced from either leukocytes or from fibroblast 
cells. Up to now, clinical studies have employed human leukocyte interferon. 
One cell is able to make only minute quantities of interferon so large quantities of 
human cells are needed for production. The problem of shortage of human 
interferon for clinical studies is still the major drawback. It is for this reason that 
some people have turned their attention to a line of transformed human 
lymphblastoid cells. These cells can be grown in very large numbers and hence 
larger quantities of interferon can be produced. However, probably the best way 
to produce large quantities of interferon will be to introduce the gene(s) for 
interferon production into bacteria. This technique has already been demonstrated 
with other mammalian genes eg somatostatin, insulin, ovalbumin, dihydrofolate 
reductase and hepatitis antigen. 

( See Tab D at first page, 2nd %) 

8. Other publications at the time explicitly suggest the use of bacteria to express 

eukaryotic proteins. For example, the Backman and Ptashne January 1978 publication entitled 

"Maximizing Gene Expression on a Plasmid Using Recombination in Vitro," (Tab E ) states: 

Experiments reported in this paper utilize recombination in vitro to place one or 
more copies of a strong promoter, the lac promoter, at varying distances from the 
cl (repressor) gene of bacteriophage X, .... In our most potent fusion, we created 
a "hybrid" ribosome binding site; the lac promoter and adjacent sequences were 
positioned so that the lac Z gene SD sequence was 8 base pairs upstream from the 
ATG of the c/gene. In principle, this strategy should elicit high levels of 
expression in E. coli of anv gene, whatever its source. 



2 
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( See Tab E at p. 65, It. col., last *| to rt. col., 1st *|.) Another example is the Gilbert and Villa- 
Komaroff April 1 980 article "Useful Proteins from Recombinant Bacteria" (Tab F; Ex. 2099), 
which even provides the explicit suggestion to produce interferon: "Bacteria into which 
nonbacterial genes have been introduced are able to manufacture nonbacterial proteins. Among 
the proteins made by recombinant-DNA methods are insulin and interferon." ( See Tab F at 
Abstract.) In fact, in a 1979 publication, Taniguchi himself expresses the idea to mass produce 
human fibroblast interferon: "In conclusion, we have reportred [sic] in this paper the 
construction of the recombinant plasmid DNA which contains human fibroblast interferon gene 
sequence. ... The recombinant plasmid we have constructed will be useful not only for defining 
the hitherto unknown structure of the interferon gene but all for the attempts of the mass 
production of this protein." (See Tab G [Taniguchi et al., Proc. Japan. Acad. . 55, Ser. B (1979)] 
at p. 468, 2nd %) 

9. Thus, it is my opinion that because of the problem of interferon mass-production 
in mammalian cells, the logical solution at the time was to produce interferon in bacteria. As 
mentioned in the Anonymous Research Disclosure article (Tab D), research into mammalian 
protein production in bacteria was well underway (see Scope and Content of the Prior Art 
sections below), and considering the overwhelming interest in interferon, an attempt to express 
interferons in bacteria was an obvious strategy. 

Scope and Content of the Prior Art: Examples of Protein Expression in Bacteria as of 
March 19. 1980 

10. I have reviewed the following seventeen papers that provide some specific 
examples of the expression of recombinant proteins in bacteria as of March 19, 1980: 

Tab H: Ratzkin et al, Proc. Natl. Acad. Sci. USA . 74:487-491 (Feb. 1977); 
Tab I: Vapnek et al, Proc. Natl. Acad. Sci. USA . 74:3508-3512 (Aug. 1977); 

3 
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Tab 


J: 


Itakura et al. Science. 198:1056-1063 CDec. 1977): 


Tab 


K: 


Villa-Komaroff et al.. Proc. Natl. Acad. Sci. USA. 74:3727-3731 (Aug. 1978); 


Tab 


L: 


Mercereau-Puiialon et al. Nature. 275:505-510 (Oct. 1978): 


Tab 


M: 


Chang et al, Nature, 275:617-624 (Oct. 1978); 


Tab 


N: 


Fraser and Bruce. Proc. Natl. Acad. Sci. USA. (Dec. 1978); 


Tab 


0: 


Seeburg et al, Nature, 276:795-798 (Dec. 1978); 


Tab 


P: 


Goeddel et al.. Proc. Natl. Acad. Sci. USA. 76:106-1 10 (Jan. 1979); 


Tab 


Q: 


Schell et al. Gene, 5:291-303 (Jan. 1979); 


Tab 


R: 


Bach et al.. Proc. Natl. Acad. Sci. USA. 76:386-390 (Jan. 1979); 


Tab 


S: 


Burrell et al. Nature, 279:43-47 (Mav 1979); 


Tab 


T: 


Martial et al.. Science. 205:602-607 (Aug. 1979); 


Tab 


U: 


Goeddel et al., Nature, 281:544-548 (Oct. 1979); 


Tab 


X: 


Wilson et al. Proc. Natl. Acad. Sci. USA. 76:5631-5635 (Nov. 1979); 


Tab 


Y: 


Roberts et al. Proc. Natl. Acad. Sci. USA. 76:5596-5600 (Nov. 1979); and 


Tab 


Z: 


Emtage et al.. Nature. 283:171-174 (Jan. 1980). 


11. 




The February 1977 Ratzkin article (Tab H), entitled "Functional expression of 



cloned yeast DNA in Escherichia coli" raises the "key question invoked by the recent discovery 
of methods to biochemically construct recombinant DNAs concerns the ability of fragments of 
eukaryotic DNA inserted into plasmid or phage vectors to be expressed meaningfully in a 
bacterium such as Escherichia coli." (Tab H at p. 487, It. col, 2nd %) In particular, the paper 
raises the concerns of differences between eukaryotes and prokaryotes with respect to "RNA 
polymerases, ribosomal subunits, translational initiation systems, and post-transcriptional and 
post-translational modifications." ( Id. ) But because their experiments show that various yeast 
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genes were able to complement bacterial mutations, they conclude that "many yeast DNA 
segments in E. coli will be readily expressed; the barriers to translation and transcription are 
somehow overcome." The authors further hypothesize that "it seems possible that productive 
expression of yeast (and perhaps other eukaryotic) DNA in E. coU can occur more readily than 
has previously been anticipated." (Id at p. 491, rt. col., 1st f.) Thus, in my opinion, the strategy 
to express eukaryotic gene loci in bacteria was present in the state of the art as of at least 
February 1977. 

12. In the August 1977 Vapnek article (Tab I), the authors expressed the structural 
gene for catabolic dehydroquinase of Neurospora crassa (a eukaryote) in E. coli . The authors 
state that the "results presented in this communication demonstrate unequivocally that eukaryotic 
DNA can be faithfully transcribed and translated in a prokaryotic host." (Tab I at p. 351 1, rt. col, 
2nd full f .) The authors teach that the quinic acid gene qa-2^ gene "when carried on a 
recombinant plasmid" "could be expressed by one of three alternative mechanisms: (i) 
transcription initiation from a pBR322 promoter; (ii) transcription initiation from a normal N. 
crassa promoter by a mechanism that does not require the presence of a regulatory protein; (iii) 
transcription initiation by the normal N. crassa mechanism which requires the presence of an 
expressed qa-l''' gene." (Id.) Thus, in my opinion, the Vapnek article provides the explicit 
teaching that control of transcription of a eukaryotic gene in bacteria can take place by a bacterial 
promoter, i.e., pBR322 promoter. 

13. In the December 1977 Itakura paper, the authors express a chemically synthesized 
gene for the mammalian hormone somatostatin in bacteria. The gene for somatostatin, made by 
chemical DNA oligonucleotide synthesis, was fused into the E. coli p-galactosidase gene on the 
plasmid pBR322 (see Tab J at Figure 1). Thus, the somatostatin protein was expressed as a 
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fusion protein with P-galactosidase under the transcriptional and translational control of bacterial 
lac operon control elements. As the authors state, the "results represent the first success in 
achieving expression (that is, transcription into RNA and translation of that RNA into a protein 
of a designed amino acid sequence) of a gene of chemically sytithesized origin." ( See Tab J at p. 
1062, 3rd col, 2nd %) Thus, in my opinion, the Itakura article provides the explicit teaching that 
a mammalian gene can be transcribed and translated in bacteria via bacterial, i.e., lac operon, 
control elements. 

14. In the August 1978 Villa-Komaroff paper (Tab K), the authors express insulin by 
inserting a rat preproinsulin cDNA into the bacterial penicillinase gene such that a penicillinase- 
insulin fusion protein is produced. The underlying question for the paper was: "Can the 
structural information for the production of a higher cell protein be inserted into a plasmid in 
such a way as to be expressed in a transformed bacterium." (Tab K at p. 3727, It. col., 2"^ f .) 
The authors were interested in whether a mammalian protein's structure could be reproduced by 
the bacterial machinery, which was answered in the affirmative, "[n]ot only is the fused cDNA 
sequence expressed as a chain of amino acids, but also the polypeptide folds so as to reveal 
insulin antigenic shapes." (Tab K at p. 3730, It. col., 3"^*^ full Thus, in my opinion, this Villa- 
Komaroff paper shows that a mammalian protein can be produced by bacteria. 

15. In the October 1978 Chang article (Tab M), the authors describe the expression of 
a functional mouse dihydrofolate reductase (DHFR) enzyme in bacteria. The authors first 
comment upon the progress of recombinant protein expression in bacteria at the time, "[v]ery 
recently, a protein containing amino acids of rat proinsulin was shown to be made by bacteria ... 
[i]t is not known, however, whether the mammalian peptide components of such 
immunologically reactive hybrid proteins have functional biological activity." (Tab M at p. 617, 
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rt. col, 1st Chang and colleagues express DHFR as a fusion with the bacterial (3-lactamase 
protein and test the expressed proteins for functional biological activity. The authors conclude 
"[t]he findings reported here indicate that the bacterial clones we have constructed are 
synthesising and phenotypically expressing DHFR encoded by mouse cDNA sequences ..." (Id. 
at p. 622, rt. col, 2nd f .) Thus, in my opinion, the Chang article advanced the state of the art to 
show that a mammalian protein produced in bacteria can maintain functionality. 

16. In the October 1978 Mercereau-Puijalon publication (Tab L), the authors provide 
another example of a mammalian protein produced in bacteria as a fusion protein. In this paper, 
the chick ovalbumin gene was inserted at the beginning of the E. coli lacZ gene, which codes for 
P-galactosidase, such that a fusion protein of "eight amino acids of p-galactosidase and 381 
amino acids of ovalbumin" was produced. (Tab L at p. 509, rt. col., 1st f). Not having the 
benefit of the Chang paper described immediately above, the authors conclude that their studies 
are "the first example of synthesis by E. coli cells, of a long polypeptide chain from a higher 
eukaryote." (Id. at p. 510, It. col., 1st full If). The authors also conclude, "[t]here is no 
theoretical reason, in our opinion, that the site of the junction between the lac and the ovalbumin 
sequences could not be moved down to the ATG initiator codon, leading to the synthesis of an 
accurate producf and "our experiments demonstrate the feasability of engineering bacteria for a 
potentially very large number of uses." (Id.) In my opinion, this paper provides yet another 
example where a very large mammalian protein (381 amino acids) could be expressed in 
bacteria. 

17. The December 1978 Fraser publication (Tab N) discloses the production of a full- 
length chicken ovalbumin protein. The authors fused the fiill-length ovalbumin cDNA 
downstream of the lac control region such that the ovalbumin was presumably produced as a 
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fusion with 18 amino acids of p-galactosidase. "From Fig. 5, showing the first 107 bases of this 
mRNA, it can be seen that if protein synthesis is initiated at the p-galactosidase AUG (position 
39) the ovalbumin molecule will be synthesized with 18 extra amino acids on its amino 
terminus." (Tab N at p. 5939, It. col., 2nd *[). The authors conclude, "the microbial production 
of significant amounts of chicken ovalbumin reported here demonstrates that the E. coli cellular 
machinery may be utilized to synthesize a eukaryotic protein that is stable in the bacterial 
intracellular environment. There is no reason to believe that the synthesis of other high 
molecular weight animal proteins will be any more difficult than that of ovalbumin." (Id- at p. 
5940, It. col., 5th f). In my opinion, the Fraser publication builds upon the growing successes of 
mammalian fusion protein expression in bacteria. 

18. In the December 1978 publication by Seeburg et al. (Tab O), the authors produce 
a p-lactamase-rat pre-growth hormone fusion protein, "a chimaeric protein of 395 amino acids ... 
containing the N-terminal 181 amino acids of the ^-lactamase precursor covalently linked to 214 
residues of rat pre-GH." (Tab O at p. 797, It. col. 1st %) The authors conclude: "Our findings 
and those of Villa-Komaroff et al. [Tab K] indicate that coding sequences from higher organisms 
can be expressed in bacteria. Thus, it should be possible to produce biologically important 
peptides with the use of recombinant DNA techniques and naturally occurring structural gene 
sequences." (Tab O at p. 798, rt. col. 3rd f .) Thus, as stated, the prior art continues to build a 
strong motivation to express mammalian proteins in bacteria. 

19. In the January 1979 Goeddel paper (Tab P), P-galactosidase-human insulin A 
chain and P-galactosidase-human insulin B chain fusion proteins were produced in bacteria. 
After production of these fusion proteins, the insulin peptides were cleaved from p-galactosidase 
and purified. The authors summarize their findings as follows: "(i) Radioimmune activity has 
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been detected for both chains, (ii) The DNA sequences obtained after cloning and plasmid 
construction have been directly verified to be correct as designed. Because radioimmune activity 
is obtained, translation must be in phase. Therefore, the genetic code dictates that peptides with 
the sequences of human insulin are being produced, (iii) The E. coli products, after cyanogen 
bromide cleavage, behave as insulin chains in three different chromatographic systems ..." (Tab 
P at p. 110, rt. col., 2nd %) In my opinion, the radiommune assays show that human insulin 
polypeptides might have had a proper structural conformation when expressed in bacteria. 

20. The January 1979 Schell (Tab Q) and Bach (Tab R) papers provide two additional 
examples of yeast genes expressed in bacteria. 

21. The May 1979 Burrell paper (Tab S) discloses that insertion of Hepatitis B virus 
coding sequences into E. coH coding sequences allows for the production of bacterial- viral fusion 
proteins. 

22. The August 1 979 Martial paper (Tab T) provides yet another successful 
expression of a eukary otic-bacteria fusion protein. "The human growth hormone gene sequences 
have been linked in phase to a fragment of the trp D gene of Escherichia coli in a plasmid 
vehicle, and a fusion protein is synthesized at high level (approximately 3 percent of bacterial 
protein) under the control of the regulatory region of the trp operon." (Tab T at p. 602, 
Abstract.) 

23. The Oct. 1979 Goeddel paper (Tab U) provides for the "direct expression" in E 
coli of human growth hormone. By "direct expression," the authors appear to mean that the 
mature human growth hormone (as opposed to expression of a precursor as a fusion protein) was 
expressed in bacteria. "This is the first time that a human polypeptide has been directly 
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expressed in E. coli in a non-precursor form." (Tab U at p. 548, rt. col., 4th f .) The authors 

accomplished this by the following plan: 

Treatment of double stranded (ds) HGH cDNA with Haelll gives a DNA 
fragment of 55 1 base pairs which includes coding sequences for amino acids 24- 
191 of HGH. We planned to clone this cDNA fragment and to clone separately a 
chemically synthesised DNA 'adaptor' fragment containing an ATG initiation 
codon and coding sequences for residues 1-23 of HGH. These two DNA 
fragments would be combined to form a synthetic-natural 'hybrid' gene. When 
inserted into a plasmid downstream from a suitable bacterial promoter and 
ribosome binding site, this gene could be expected to direct synthesis of fMet- 
HGH. The fact that most bacterial proteins do not contain N-terminal methionine 
residues suggests that fMet shold be efficiently removed, resulting in direct 
expression of HGH. 

(M- at p. 544, It. col., 3rd \) The authors state that their methods "are generally applicable to 
other polypeptides which are synthesized initially as inactive precursors and later processed, or 
for which full length cDNA transcripts are unavailable." (Id. at p. 548, rt. col., 4th \) In my 
opinion, this paper shows that a mammalian protein can be transcribed and translated under the 
control of bacterial control elements, such that expression can be conducted without the need to 
make a bacterial-eukaryotic fusion protein. 

24. In Wilson et al. (Nov. 1 979) (Tab X), the authors were able to express human y 
and P globins in E. coli by inserting these globin genes into bacterial plasmids. 

25. My November 1979 paper ("Roberts November 1979 paper"; Tab Y) shows the 
expression of simian virus 40 1 antigen in bacteria by making lac control element -cDNA gene 
fusions. In other words, expression was not contingent upon making a fusion to a bacterial 
protein: 

Plasmids are constructed by using recombination in vitro according to Roberts, 
T.M., Kacick, R. & Ptashne, M. (1979) Proc. Natl. Acad. Set USA 76, 760-764 in 
which the t antigen gene of simian virus 40 is fused to a promoter of the 
Escherichia coli lac operon. In the fusions, transcription commences at the lac 
promoter, and, in some of the fusions, translation begins at the ATG initiator 
codon of the t gene. This translation is directed most efficiently by those 

10 
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plasmids in which the lac sequences abut the t gene such that a hybrid ribosome 
binding site is encoded. In this case, the Shine-Delgarno sequence is of lac origin 
but the ATG derives from the t gene. [....] We conclude that these bacteria are 
producing a protein, the sequence of which is identical to that of authentic t 
antigen unfused to other polypeptides. 

(Tab Y at p. 5596 at Abstract.) This paper departs from the prior art discussed immediately 

hereinabove by: "Most of the reports of synthesis of higher eukaryotic proteins in bacteria have 

described the production of fusion proteins composed of both prokaryotic and eukaryotic 

sequences." (Id. at p. 5600, It. col, 5th f .) But this paper teaches that a eukaryotic gene (a 

eukaryotic gene because the viral gene is expressed in eukaryotes), beginning at its ATG, can be 

expressed in bacteria when the gene is fused to bacterial control sequences: "Our experiments 

show that a message bearing a hybrid ribosome-binding site - i.e., sequences derived partly from 

the bacterium (the SD [Shine-Delgamo] sequence) and partly from the eukaryotic gene (the 

ATG, etc.) - can be correctly translated into protein. This provides a rational approach to the 

problem of obtaining expression of eukaryotic genes in bacteria." (Id.) Thus, in my opinion, the 

prior art as of November 1979 provides at least two specific examples (this paper and the 

Goeddel 1979 paper discussed in paragraph 23 above) of producing mammalian proteins in 

bacteria by directly expressing the mammalian gene (i.e., from the gene's ATG and not from a 

bacterial gene's ATG) under the control of a bacterial promoter and a ribosomal binding site. 

26. The Jan. 1980 Emtage paper (Tab Z) provides another example as of March 19, 

1980 that a eukaryotic gene can be expressed from its own ATG. The paper states: 

We have previously cloned at the Hindlll site of pBR322 a DNA fragment 
containing the control region of the E. coli tryptophan operon, and coding for the 
ribosome binding site and first seven amino acids of trpE. [....] The [FPV 
haemagglutinin protein] protein resulting from initiation at the trpE AUG would 
be a hybrid [....] It was also clear that the HA gene should not be expressed from 
the initiator AUG of the trpE fragment in pWTl 1 1 or pWTl 3 1 . Recognition of 
the ribosome binding site and initiator AUG of the HA was not anticipated. 

and; 
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In this case [pWTl 1 1/FPV502(R)] the HA gene is in the wrong phase to be 
translated from the trpE AUG; protein synthesis initiating at the trpE AUG is 
terminated by the now in phase UGA triplet at position 23-25 in the HA gene. 
Thus we conclude that initiation is from the natural HA AUG at position 22-24 
(Fig. lA). 

(Tab Z at p. 171, It. col. 4th f to rt. col, 2nd f; and at p. 173, It. col., last %) In this paper, the 
authors found that the HA gene was directly expressed from the AUG of the HA gene. 

27. Thus, in view of the papers discussed above in paragraphs 1 1-26, one of skill in 
the art as of March 19, 1980 would have at least known that mammalian proteins can be 
expressed in bacteria while: (1) maintaining enzymatic function, (2) accumulating in significant 
levels, and (3) be dkectly expressed from heterologous control elements, i.e., a bacterial 
promoter and a hybrid ribosomal binding site. 

Scope and Content of the Prior Art: General Methods for Expressing Recombinant 
Proteins in Bacteria as of March 19, 1980 

28. With respect to publications disclosing general methods for producing 
recombinant proteins in bacteria, I have reviewed: 

Tab E: Backman and Ptashne, CeU, Vol. 13, pp. 65-71, (Jan. 1978); 

Tab AA: Roberts et al, Proc. Natl. Acad. Sci. USA . Vol. 76, No. 2, pp. 760-764 (Feb. 

1979); 

Tab BB: Ptashne et al., U.S. Patent No. 4,332,892, issued June 1, 1982, filed Jan. 10, 
1980, which is a continuation of U.S. Serial No. 3,102, filed Jan. 15, 1979, now abandoned; 
Tab CC: Ptashne et al., U.S. Patent No. 4,418,149; 
Tab DD: Goeddel et al, U.S. Patent No. 4,342,832; 
Tab EE: Itakura and Riggs, U.K. Patent Application 2007676; 
Tab FF: Gilbert et al, European Patent Application 79301054.7; and 
Tab F: Gilbert and ViUa-Komarofif, Sci. Am. 242(4):74-94 (Apr. 1980). 
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29. In my opinion. Tabs E, AA, BB, CC, and DD provide teachings, prior to March 
19, 1980, on how to express a eukaryotic gene in bacteria without having to make a bacterial- 
eukaryotic protein fusion. References E, AA, BB, and CC teach the 'direct' (i.e., expression of 
the gene without having to fuse the gene in frame downstream of an N-terminus bacterial coding 
sequence) expression of a gene in bacteria by placing upstream of the gene a ribosome binding 
site and a bacterial promoter. 

30. I have been informed that a U.S. Patent is considered "prior art" or publicly 
available for considerations imder 35 U.S.C. §§ 102 or 103 as of its priority date. I have been 
told that because U.S. Patent No. 4,332,892 is a continuation of U.S. Serial No. 3,102, and 
because U.S. Patent No. 4,342,832 is a divisional of U.S. Patent No. 4,332,892, both patents 
have a priority date of January 15, 1979. 

31. In the January 1 978 Backman and Ptashne paper, the authors show that: 

X repressor synthesis is driven wholly or predominantly by the inserted lac 
promoter(s). In our most potent [gene, not protein] fusion, we created a 'hybrid' 
ribosome binding site; the lac promoter and adjacent sequences were positioned 
so that the lac Z gene SD [Shine-Delgamo] sequence was 8 base pairs upstream 
from the ATG of the cl gene. In principle, this strategy should elicit high levels 
of expression in E. coli of any gene, whatever its source. 

(Tab E at p. 65, Abstract.) Thus, not only does this paper teach that proteins can be directly 
expressed from a lac promoter and a hybrid ribosomal binding site, but also that the hybrid 
ribosomal binding site can be created by positioning the ATG of the gene to be expressed 8 base 
pairs downstream of the lac Z Shine-Delgamo sequence. 

32. In the February 1979 Roberts et al. paper, my colleagues and I further developed 
the method of gene expression taught in the 1978 Backman and Ptashne paper. The method was 
further developed by determining what distance the lac promoter could be from the translational 
start site of the gene to be expressed (in the paper, the cro gene of phage X). As we stated, 
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In this communication, we describe a metliod that, in principle, will allow the 
same lac promoter fragment to be placed at virtually any distance in front of a 
gene. The promoter fragment does not encode a translational start. It does, 
however, encode a sequence required for binding the message to the ribosome 
(see Discussion). Therefore, our gene-promoter fusions will produce a native 
protein rather than a fusion protein carrying foreign amino-terminal amino acids. 

(Tab AA at p. 760, It. col, 2nd % emphasis added.) As emphasized, the paper teaches that 

"native" proteins unaccompanied by bacterial peptides can be expressed. The expression of the 

native protein depends on positioning its start codon, i.e, its ATG or translational start site, 

downstream of a portable bacterial promoter, i.e., lac promoter. Further, the ATG is present as a 

gene ftision with the lacZ Shine-Delgamo sequence, thereby making a "hybrid ribosome binding 

site." The paper teaches that even though most of the coding region of the leader sequence of 

lacZ is present, translation begins at the ATG of the cloned gene, and efficient expression may be 

dependent on how far the ATG is separated from the lac Shine-Delgamo sequence: 

The lac promoter fragment used in the construction of all the plasmids described 
here contains, in addition to the binding site for RNA polymerase and the start- 
point of franscription, the coding region for most of the leader of the lacZ 
message including its Shine-Delgarno sequence. Thus, in pTR182 and pTR190, 
the lac Shine-Delgamo sequence is brought into close proximity with the ATG of 
cro. We know that such hybrid ribosome binding sites can be exfremely effective 
from the results with pKB280 [citing the 1978 Backman and Ptashne paper; Tab 
E]. It is possible that the separation of this sequence and the ATG in pTR190 and 
pTR182 is not optimum - the lac sequence is separated from the ATG of cro by 
10 bases in pTR182 and by 5 bases in pTR190, whereas the same sequence is 
separated from the ATG of the cl gene by 8 bases in pKB280 and is separated 
from the ATG of the lacZ gene by 7 bases in the E. coli chromosome. 

(Id- at p. 764, It. col., 1st *|.) The paper also teaches "exonuclease III and SI nuclease digestion 
used here should allow the placement of the promoter-containing fragment at virtually any 
distance upstream from most other genes. [....] In particular, the technique should be useful in 
positioning the lac promoter fragment adjacent to a eukaryotic gene with the hope of forming a 
hybrid ribosome binding site from the lac Shine-Delgamo sequence and the ATG of the 
eukaryotic gene." (Id. at p. 764, It. col., 2nd f .) 
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33. In U.S. Patent 4,332,892, the disclosure of which was filed on Jan. 15, 1979, the 
applicants (which originally included myself) describe an invention that is "a process to produce 
specific proteins coded for by eukaryotic (or prokaryotic) DNA in bacteria. The invention, 
which uses recombinant DNA techniques, produces proteins in their natural, functional state 
unencumbered by extraneous peptides." (Tab BB at Abstract.) As in my February 1979 paper 
(Tab AA), the patent teaches that protein expression is controlled by positioning the protein's 
ATG downstream of the lac Shine-Delgamo site such that this provides a hybrid-ribosome 
binding site, which is itself downstream of the lac promoter, where the promoter controls 
transcription: 

[N]ucleases, restriction enzymes, and DNA ligase to position a portable promoter 
consisting of a DNA fragment containing a transcription site but no translation 
initiation site near the beginning of the gene which codes for the desired protein to 
form a hybrid ribosomal binding site. The protein produced by the bacterium 
from this hybrid is the native derivative of the implanted gene. It has been found 
that the endonuclease digestion product of the E. coli lac operon, a fragment of 
DNA which contains a transcription initiation site but no translational start site, 
has the required properties to function as a portable promoter in the present 
invention, being transcribed at high efficiency by bacterial RNA polymerase. The 
mRNA produced contains a Shine-Delgamo (S-D) Sequence but it does not 
include the AUG or GUG required for translational initiation. However, in 
accordance with the present invention, a hybrid ribosomal binding site is formed 
consisting of the S-D sequence and initiator from the lac operon and the ATG of 
the gene, and such a fused gene is translated and transcribed efficiently. Using 
the enyzmes exonuclease III and SI, the promoter may be put at any desired 
position in front of the translational start site of the gene in order to obtain 
optimum production of protein. Since the promoter can be inserted at a restriction 
site ahead of the translational start site of the gene, the gene can first be cut at the 
restriction site, the desired number of base pairs and any single stranded tails can 
be removed by treating with nucleases for the appropriate time period, and 
religating. 

(Tab BB at col. 1, 1. 49 to col. 2, 1. 11.) This passage provides detailed teachings regarding how 

to directly express a mature human interferon protein without any leader sequence in bacteria. 

First, the full-length cDNA can be cut at a restriction site upstream of the mature coding 

sequence ATG (ATG coding for residue 1 of amino acids 1-166 listed in Fig. 2 of the Taniguchi 
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Gene paper (Tab LL) or in Fig. 1 of the Taniguchi Preprint (Tab MM)), i.e., "the gene can first 
be cut at the restriction site." Exonuclease III can then be used to digest away the presequence 
and any other upstream sequence, SI to remove any single stranded tails, and ligase to rejoin the 
DNA, i.e., "the desired number of base pairs and any single stranded tails can be removed by 
treating with nucleases for the appropriate time period, and religating." In this manner, the ATG 
of the presequence and all other unwanted bases of the presequence can be removed, such that 
the (first) ATG coding for the mature interferon protein can form a hybrid ribosomal binding site 
with the Shine-Delgamo sequence, i.e., "a hybrid ribosomal binding site is formed consisting of 
the S-D sequence and initiator from the lac operon and the ATG of the gene." Afterwhich, "the 
promoter may be put at any desired position in front of the translational start site of the gene in 
order to obtain optimum production of protein." 

34. U.S. Patent No. 4,41 8,149 (Tab CC) is identical to U.S. Patent No. 4,332,892, 
except for the claims. 

35. The Goeddel et al. U.S. Patent No. 4,342,832 (Tab DD), filed July 5, 1979, also 
reports the expression of proteins in bacteria without making a fusion protein. Similar to the 
"Ptashne lab methods" (Tabs E, AA, Y, BB, i.e., Backman and Ptashne, Cell Vol. 13, pp. 65-71, 
(Jan. 1978); Roberts et al., Proc. Natl. Acad. Sci. USA . Vol. 76, No. 2, pp. 760-764 (Feb. 1979); 
Roberts et al., Proc. Natl. Acad. Sci. USA . 76:5596-5600 (Nov. 1979), Ptashne et al, U.S. Patent 
No. 4,332,892) this patent teaches that translation begins at an ATG of an inserted gene, where 
the ATG start signal can be "the same distance fi-om the ribosome binding site [codons] of the 
lac promoter as occurs in nature between those [codons] and the start signal for P-galactosidase." 
(Tab DD at col. 1 1 ., 11. 49-53.) The Goeddel patent reports that unwanted sequence between the 
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ATG and the bacterial control elements (i.e., promoter and S-D sequence) can be removed by 



Thus, in any cDNA coding for the desired polypeptide and a leader or other 
bioinactivating sequence the boundary between the latter' s codons and those of 
the mature polypeptide will appear from the amino acid sequence of the mature 
polypeptide. One may simply digest into the gene coding of the peptide of 
choice, removing the unwanted leader or other sequence. Thus, for example, 
given the cDNA such as 



where the endpoint of digestion is indicated by arrow, reaction conditions for 
exonuclease digestion may be chosen to remove the upper sequences "a" and "b", 
whereafter SI nuclease digestion will automatically eliminate the lower sequences 
"c[a]" and "d[b]". 

(Id- at col. 5, 1. 60 to col. 6, 1. 15.) The above passage explicitly teaches that a leader sequence 
can be removed by exonuclease/Sl digestion. 

36. Itakura and Riggs, U.K. Patent Application 2007676 (Tab EE); Gilbert et al., 
European Patent Application 79301054.7 (Tab FF); and Gilbert and Villa-Komaroff, Sci. Am. 
242(4) :74-94 (Apr. 1980)(Tab F), teach methods for expressing recombinant proteins in bacteria 
by making fusion proteins. 

Scope and Content of the Prior Art: General Methods for Recombinant DNA Cloning as 
of March 19. 1980 

37. I have reviewed the following papers that describe general methods for 
recombinant DNA cloning and screening of expressed recombinant DNA as of March 19, 1980: 

Tab GG: Curtiss, Ann. Rev. Microbiol. . 30:507-33 (1976); 

TabHH: Wu and Bahl. Prog. Nucleic Acid Res. Mol. Biol. 21:101-41 (1978); and 

Tab II. Erlich et al. Cell, Vol. 13, pp. 681-689 (1978). 



digestion: 




TTAAOCCCTGATCOT..^. 




AATTCeOOACTAOCA. 
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38. These papers supplement the cloning methods described in the above described 
prior art. 

39. The Curtiss paper (Tab GG) states that it "has recently become possible to 

enzymatically couple viral, procaryotic, or eucaryotic DNA to bacteriophage or plasmid-cloning 

vector DNA and to introduce these recombinant DNA molecules into bacteria to clone and 

ultimately to allow study of the expression of the foreign genetic information." (Tab GG at p. 

507 last f to p. 508, 1 st f .) Specifically, the paper teaches: 

In order to prepare recombinant DNA molecules in vitro, DNA is isolated from an 
organism of choice, either with or without suitable enrichment for specific gene 
sequences, and then one of two methods is used to construct recombinant DNA 
molecules. In one procedure, the DNA is fragmented either enzymatically or by 
shearing, then treated with an exonuclease that digests a single DNA strand in the 
5' to 3' direction; then single-stranded homo-deoxypolymeric sequences are 
added to the 3' single- stranded ends of the molecule by using a suitable 
deoxyribonucleotide triphosphate (dXTP) species and terminal deoxynucleotidyl 
transferase. The cloning vector DNA is similarly cleaved and treated with 
exonuclease, then complementary homodeoxy-polymeric sequences are added by 
use of terminal transferase. The two DNA fractions are permitted to anneal and 
then may be treated with exonuclease III, DNA polymerase I, and polynucleotide- 
joining enzyme (DNA ligase) to form covalently closed circular recombinant 
DNA molecules. In another procedure, the DNA is fragmented by using a 
restriction endonuclease which generates short complementary cohesive ends at 
both termini of the DNA duplex. The cloning vector DNA is treated with the 
same enzyme, the two preparations are mixed to permit annealing, and ligase is 
added to yield covalently closed circular recombinant DNA molecules. 

(Tab GG at p. 508, 2nd %) These cloning methods are similar to those described by the Ptashne 
papers (Tabs E, Y, AA, BB) or the Goeddel '832 patent (Tab DD). As cited above in paragraph 
33, the Ptashne '832 patent teaches that exonuclease III and SI nuclease can be used to remove 
unwanted base pairs, such as nucleotides in the human fibroblast interferon presequence, "the 
promoter can be inserted at a restriction site ahead of the translational start site of the gene, the 
gene can first be cut at the restriction site, the desired number of base pairs and any single 
stranded tails can be removed by treating with nucleases for the appropriate time period, and 
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religating." Also, as cited above in paragraph 35, the Goeddel '832 patent reports "in any cDNA 
coding for the desired polypeptide and a leader or other bioinactivating sequence the boundary 
between the latter' s codons and those of the mature polypeptide will appear from the amino acid 
sequence of the mature polypeptide. One may simply digest into the gene coding of the peptide 
of choice, removing the unwanted leader or other sequence." 

40. The Wu et al. paper (Tab HH) states that the "chemical synthesis of 
oligodeoxynucleotides when used in conjunction with enzymic methods permits the preparation 
of longer segments and sequence variations with minimal effort." (Tab HH at p. 108, 1st f.) The 
paper reports methods as to, for example, chemical synthesis of oligodeoxyribonucleotides, 
enzymatic synthesis or joining of oligodeoxynucleotides, sequence analysis, synthetic 
oligonculeotides as tools in molecular cloning of DNA. 

41 . The Erlich et al. paper (Tab II) teaches an immunoassay for detecting products 
translated from cloned DNA fragments. Immunoassays will indicate that a particular assayed 
extract may contain a protein having the correct conformation such that an antibody to that 
protein will detect it. 

One of Ordinary Skill in the Art as of March 19, 1980 

42. In my opinion, a person of ordinary skill in the field of recombinant DNA 
technology or bacterial protein expression as of March 19, 1980 would have a Ph.D. degree or an 
equivalent degree, or be a highly skilled pre-doctoral fellow, with several years of research 
experience in molecular biology. 

Differences Between the Prior Art and the Goeddel Claims 

43. I have reviewed Goeddel U.S. Application Serial No. 07/374,3 1 1 (Tab RR) and 
its involved claims in Interference No. 105,334 (Tab JJ). I have reviewed Goeddel U.S. Patent 
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No. 5,460,81 1 (Tab UU) and its involved claims in Interference No. 105,337 (Tab KK). The 
subject matter of the Goeddel claims in these interferences is disclosed in the prior art: (1) the 
disclosure of the human fibroblast interferon cDNA sequence and encoded amino acid sequence, 
(2) a method of expressing such a cDNA sequence by positioning the ATG of the mature human 
fibroblast coding sequence downstream of the lac promoter and Shine-Delgamo site, and (3) a 
fully non-glycosylated human fibroblast interferon. With respect to (1), the Taniguchi Gene 
paper or Preprint provides the sequence. With respect to (2), the Ptashne lab prior art [see 
paragraphs 25, 31-33], and U.S. Patent No. 4,342,832 [paragraph 35] clearly contain detailed 
teachings of how to carry-out a method for direct expression in bacteria. With respect to (3), 
proteins produced in E. coli are necessarily non-glycosylated. 

44. As for the human fibroblast interferon cDNA sequence, I have been informed that 
the Taniguchi et al. Gene (May 19, 1980) paper (hereafter referred to as "the Taniguchi Gene 
paper"; Tab LL) is prior art at least as of June 2, 1980. I have reviewed this paper, and it 
discloses the interferon sequence. In fact, the paper explicitly discloses where the leader or 
presequence ends, and where the mature sequence begins, "the 5' terminal region of the 
interferon mRNA, as deduced from the cDNA, contains at least 6 nucleotides before the first 
AUG codon in phase. If this AUG functions as an initiator, the primary translation product of 
human fibroblast interferon mRNA contains a signal peptide consisting of 21 amino acids which 
would eventually be cleaved off during secretion." (Tab LL at p. 12, rt. col., 2nd f .) Thus, as 
stated in the legend to Figure 2, the "DNA sequence permits prediction of the entire amino acid 
sequence (for human fibroblast interferon (amino acids 1-166) and its putative signal peptide 
(amino acids -21 to -1) as shown in the line above the DNA sequences." (Id- at p. 13.) In my 
opinion, given the Ptashne lab methods as disclosed in Tabs E, Y, AA, BB, a person of ordinary 
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skill in the art as of May 19, 1980* would only require routine experimentation to (1) insert the 
interferon cDNA into a bacterial plasmid, such as pBR322, (2) linearize this plasmid with a 
restriction enzyme upstream of the cDNA, (3) digest the cDNA with timed exonuclease III and 
SI digestions, or other alternate nucleases, in order to remove the ATG of the leader sequence 
(i.e., residue -21 in Figure 2 of Tab LL) and other unwanted nucleotides, (4) insert the lac 
promoter and Shine-Delgarno sequence upstream of the now digested cDNA, such that 
transcription is controlled by the lac promoter and translation is initiated at what is now the first 
ATG downstream of the Shine-Delgarno sequence, i.e., residue 1 of Figure 2 of Tab LL). 

45. I also understand that the preprint entitled "Human leukocyte and fibroblast 
interferons are structurally related," authored by Tadatsugu Taniguchi, Charles Weissmann and 
others, (Tab MM (hereafter referred to as the "Taniguchi Preprint")), is prior art at least as of 
April 8, 1980. I have reviewed this preprint, and the preprint also discloses the cDNA of human 

' Or as of the date when the human fibroblast interferon cDNA would be available, such as March 19, 1980 with 
respect to the sequence provided by Japanese Application No. 55-3393 1 (certified translation is Tab NN). The 
Japanese Application No. 55-33931cites Knight, et al. [Science vol. 207, p. 525-526, (1980); Tab 00]. The Knight 
paper discloses the sequence of the N-terminal 13 amino acids of the secreted or mature form of human fibroblast 
interferon. In view of Knight's disclosure of the sequence of the N-terminal 13 amino acids of human fibroblast 
interferon, a person of ordinary skill in the field of recombinant DNA technology or bacterial protein expression as 
of March 19, 1980 would have immediately known the coding sequence for the mature human fibroblast interferon 
amino acid sequence given within the full-length cDNA sequence. Page 15 of the Japanese application lists the 
nucleotide sequence of the human fibroblast interferon cDNA and encoded amino acids. The amino acid sequence 
contains the leader or presequence of interferon as well as the mature protein sequence, but does not explicitly 
demarcate where the presequence ends and where the mature protein sequence begins. But in view of the Knight 
disclosures, one of ordinary skill would have immediately understood that the presequence consists of the first 21 
amino acids because the Knight disclosures teach that the mature sequence begins with the amino acid sequence 
Met-Ser-Tyr-Asn-Leu-Leu-Gly-Phe-Leu-Gln-Arg-Ser-Ser, which corresponds to amino acids 22-34 listed at page 
15 of the Japanese Patent Application (see Tab NN at page 1 5). In fact, the Japanese Patent Application explicitly 
states at page 16: "It is important that in the sequence there exist without any errors the base sequence [three base 
pairs] corresponding to the amino acid sequence from the amino-terminal to the 13th amino acid of the human 
fibroblast interferon reported by Knight, et al. [Tab OO at p. 525-526, (1980)]." 
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fibroblast interferon, and where the presequence or leader sequence ends (S21) and where the 
mature sequence begins (residue 1). ( See Figure 1, Figure 1 legend, and p. 3, II. 4-16 of Tab 
MM.) Thus, in my opinion, given the prior art, such as the Ptashne lab methods as disclosed in 
Tabs E, Y, AA, BB, a person of ordinary skill in the art as of April 8, 1980 would only need 
routine experimentation to (1) insert the interferon cDNA into a bacterial plasmid, such as 
pBR322, (2) linearize this plasmid with a restriction enzyme upstream of the cDNA, (3) digest 
the cDNA with timed exonuclease III and SI or other nuclease digestions in order to remove the 
ATG of the leader sequence (i.e., residue SI in Figure 1 of Tab MM) and other unwanted base 
pairs, (4) insert upstream of the lac promoter and Shine-Delgamo sequence of the now digested 
cDNA, such that transcription is controlled by the lac promoter and translation is initiated at 
what is now the first ATG downstream of the Shine-Delgamo sequence, i.e., residue 1 of Figure 
1 of Tab MM). 

46. I have been informed that routine experimentation does not preclude complex 
experimentation or a large quantity of experimentation. Rather, I have been informed that 
routine experimentation can entail repetitive experimentation if the art typically engages in such 
experimentation. Thus, to make a human fibroblast interferon cDNA without any leader 
sequence, the cDNA can be digested with exonuclease III and SI or other nucleases in order to 
generate a number of clones, one of which would have all of its presequence digested up to the 
mature ATG sequence. In fact, Goeddel's U.S. Patent No. 4,342,832 explicitly teaches that 
exonuclease III and S 1 can be used to remove leader sequences. After digestion, the clones are 
religated, transformed into bacteria, and plasmid DNA can then be purified and analyzed, for 
example, by acrylamide gel analysis. Acyrlamide gel analysis will allow the practitioner to 
determine which clones might have the entire presequence digested away. These clones can then 
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be sequenced to confirm which ones only have the coding sequence for the mature interferon, 
i.e., without coding sequence for the presequence. Alternatively, protein extracts from bacterial 
clones can be tested by immunoassays to identify potential clones that express the protein. 
Plasmids from these potential clones can be purified and sequenced to confirm which plasmids 
contain only the coding sequence for the mature interferon. Although this process can be labor 
intensive, the necessary methods (exonuclease and SI digestion, restriction digests, ligation, and 
sequencing (see |f 37-41 above)) were well-established in the art at least as of March 19, 1980. 
Further, it was known in the art at least by Feb. 2, 1980 (Knight, et al. Science , Vol. 207, p. 525- 
526, (1980)), that the secreted, functional form of the human fibroblast interferon protein has an 
N-terminal sequence of sequence Met-Ser-Tyr-Asn-Leu-Leu-Gly-Phe-Leu-Gln-Arg-Ser-Ser. 
Thus, in light of this N-terminal sequence information, given the human fibroblast cDNA 
sequence provided by the Taniguchi Gene paper or Taniguchi Preprint, one of ordinary skill in 
the art would have known the boundary between the presequence and the coding sequence for 
the mature interferon (i.e., the secreted functional form) and would desire to make a DNA coding 
for a mature interferon without presequence because this has been shown to be the secreted, 
native, functional form of human fibroblast interferon. Further, in view of the Ptashne lab 
methods (Tabs E, Y, AA, BB) and other knovra methods of mammalian protein expression in 
bacteria, one of ordinary skill in the art could make, without undue experimentation, a bacterial 
expression plasmid that directs the transcription and translation of the mature human fibroblast 
interferon protein through the formation of a hybrid ribosomal binding site with the ATG of the 
mature interferon sequence and the placement of the lac promoter upstream of the hybrid 
ribosomal binding site. 
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Motivation to Combine 

47. I have been informed that for a combination of prior art references to make an 
invention obvious, there must be some suggestion to those of ordinary skill in the art to actually 
combine the particular combination of prior art references. I have been informed that the 
suggestion to combine need not be found explicitly in the references sought to be combined. 
Rather, the suggestion may be implicitly found from the prior art as whole, including common 
knowledge, or the nature of the problem to be solved. However, I have been informed that it is 
improper to pick and choose among isolated disclosures in the prior art to deprecate the claimed 
invention. 

48. In my opinion, one of ordinary skill in the art as of March 19, 1980 (with respect 

to Japanese Application No. 55-33931), May 19, 1980 (with respect to the Taniguchi Gene 

paper) or April 8, 1980 (with respect to the Taniguchi Preprint), would have been motivated to 

combine the Ptashne 4,332,892 patent (Tab BB; hereafter referred to as "the Ptashne '892 

patent") with either the Taniguchi Preprint or the Taniguchi Gene paper, because the motivation 

is found explicitly in the Ptashne patent or from the nature of the problem of mass-producing 

interferon. For example, the Ptashne patent explicitly states that its invention is "a process to 

produce specific proteins coded for by eukaryotic (or prokaryotic) DNA in bacteria." (Tab BB at 

Abstract.) The human fibroblast interferon cDNA is eukaryotic DNA. Further, the Ptashne 

patent explicitly states that its invention can be used to produce a native or mature human 

fibroblast interferon {i.e., without presequence and without being fused to a bacterial protein): 

Recombinant DNA techniques in vitro have been used to insert a variety of 
eukaryotic genes into plasmids carried by Escherichia coli in an effort to induce 
these bacteria to produce eukaryotic proteins. Most of these genes have not 
directed the synthesis of the native proteins [....] The present invention provides 
a method of producing native, unfused prokaryotic or eukaryotic protein in 
bacteria ... 
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(Tab BB at col. 1, 11. 12-37.) One of ordinary skill would have also been motivated to combine 

these references because of the nature of the problem of mass-producing interferon and because 

of the explicit suggestion to produce proteins in bacteria. As discussed above in paragraphs 6-9, 

the prior art explicitly discussed this linkage (i.e., the problem of mass production and the 

solution of bacterial production) in the July 1979 Anonymous Research Disclosure entitled "The 

production of interferon by 'genetic engineering,'" (Tab D; hereafter referred to as the 

"Anonymous Research Disclosure"): 

Human interferon is usually produced from either leukocytes or from fibroblast 
cells. Up to now, clinical studies have employed human leukocyte interferon. 
One cell is able to make only minute quantities of interferon so large quantities of 
human cells are needed for production. The problem of shortage of human 
interferon for clinical studies is still the major drawback. It is for this reason that 
some people have turned their attention to a line of transformed human 
lymphblastoid cells. These cells can be grown in very large numbers and hence 
larger quantities of interferon can be produced. However, probably the best way 
to produce large quantities of interferon will be to introduce the gene(s) for 
interferon production into bacteria. This technique has already been demonstrated 
with other mammalian genes eg somatostatin, insulin, ovalbumin, dihydrofolate 
reductase and hepatitis antigen. 

( See Tab D at first page, 2nd %) Thus, because the Anonymous Research Disclosure explicitly 
states the nature of the problem and the solution of interferon production in bacteria, the 
motivation to combine the Anonymous Research Disclosure with the Ptashne '892 patent, and 
the Taniguchi Gene paper or the Taniguchi Preprint is thereby explicitly provided. 

49. Likewise, in my opinion, one of ordinary skill in the art would have been 
motivated to further combine the Ptashne '892 patent and the Taniguchi Gene paper or Preprint 
with the Goeddel Nature (Oct. 1979) paper (Tab U; hereafter referred to as the "Goeddel Nature 
paper"). The motivation to further combine with the Goeddel paper is explicit within this paper: 
"The hybrid DNA cloning techniques described as a route to the cloning and expression of HGH 
coding sequences in E. coli are generally applicable to other polypeptides which are synthesised 
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initially as inactive precursors and later processed, or for which full length cDNA transcripts are 
unavailable." (Tab U, emphasis added, at p. 548, rt. col, 4th f .) 

50. Further, one of ordinary skill in the art would have been motivated to further 
combine with the Fujisawa paper (Tab PP; hereafter referred to as the "Fujisawa paper") because 
this paper discusses whether interferons are functional without glycoyslation. The issue of 
functionality is relevant with respect to the above-mentioned problem of interferon mass 
production, because interferon mass production was desired for therapeutic application. 
Reasonable Expectation of Success 

51. I have been informed that for the prior art to make an invention obvious, one of 
ordinary skill in the art rtiust have a reasonable expectation of success for making the invention 
given the prior art. I have been informed that a reasonable expectation of success is to be 
assessed from the perspective of one of ordinary skill in the art at the time the invention was 
made. I have also been informed that a reasonable expectation of success is present in the prior 
art where the prior art contains a detailed enabling methodology for practicing the claimed 
invention, a suggestion to modify the prior art to practice the claimed invention, and evidence 
suggesting that it would be successful. I have been informed that a reasonable expectation of 
success does not require absolute predictability, but rather a reasonable likelihood of success. 

52. In my opinion, one of ordinary skill in the art as of March 19, 1980 (with respect 
to Japanese Application No. 55-33931), May 19, 1980 (with respect to the Taniguchi Gene 
paper) or April 8, 1980 (with respect to the Taniguchi Preprint), would have had a reasonable 
expectation of successfully making: (1) recombinant DNA molecules consisting of a coding 
sequence for the mature human fibroblast interferon (i.e., the nucleotide sequence coding for 
amino acids 1-166 as displayed in Figure 2 of the Taniguchi Gene paper (Tab LL), or as 
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displayed in Figure 1 of the Taniguchi Preprint (Tab MM), or as displayed on page 15 of the 
translation of Japanese Application No. 55-33931 (Tab 00); (2) bacterial expression constructs 
capable of expressing the mature human fibroblast interferon; and (3) the mature human 
fibroblast interferon protein having amino acids 1-166 unaccompanied by presequence or other 
sequence. 

53. First, one of ordinary skill in the art as of as of March 19, 1980, April 8, 1980, or 
May 19, 1 980, would have had a reasonable expectation of successfully making the molecules 
described in paragraph 52 above because the Ptashne '892 patent (and other Ptashne lab papers 
[see paragraphs 23, 31-33]) contains a detailed enabling methodology to make these molecules. 
As stated above in paragraphs 43-44, the Ptashne patent in view of the human fibroblast 
interferon sequences disclosed in the Taniguchi Gene or Preprint papers teaches how to: (1) 
insert the interferon cDNA into a bacterial plasmid, such as pBR322, (2) linearize this plasmid 
with a restriction enzyme upstream of the cDNA, (3) digest the cDNA with timed exonuclease 
III and SI digestions in order to remove the ATG of the leader sequence (i.e., residue -21 in 
Figure 2 of Tab MM or residue SI in Figure 1 of Tab LL) and other unnecessary nucleotides, (4) 
insert upstream of the now digested cDNA the lac promoter and Shine-Delgamo sequence, such 
that transcription is controlled by the lac promoter and translation is initiated at what is now the 
first ATG downstream of the Shine-Delgamo sequence, (i.e., residue 1 of Figure 2 of Tab LL or 
Figure 1 of Tab MM). For example, see paragraph 33 above, which provides a passage from the 
Ptashne patent that provides explicit instructions. Further, see paragraph 35 above, which 
provides a passage from the Goeddel Nature paper that provides similar explicit instructions. 
The cloning techniques described in the Ptashne and Goeddel disclosures were well known in the 
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prior art, as similar techniques were also described in the Curtiss and Wu papers (see paragraphs 
39-40 above). 

54. Second, one of ordinary skill in the art as of March 19, 1980, April 8, 1980, or 
May 19, 1980, would have had a reasonable expectation of successfully making the molecules 
described in paragraph 52 above because the Ptashne '892 patent, Goeddel Nature paper, and the 
Anonymous Research Disclosure all provide explicit suggestions to modify the prior art and 
practice the claimed inventions of Goeddel (see paragraphs 47-49 above). 

55. Third, one of ordinary skill in the art as of as of March 19, 1980, April 8, 1980, or 
May 19, 1980, would have had a reasonable expectation of successfully making the molecules 
described in paragraph 52 above because there is ample evidence in the prior art that making 
such molecules would be successful. For example: (1) the August 1977 Vapnek article shows 
that control of transcription of a eukaryotic gene in bacteria can take place by a bacterial 
promoter (see paragraph 12 above); (2) the December 1977 Itakura paper shows the successful 
transcription and translation of a chemically synthesized gene in bacteria (see paragraph 13 
above); (3) the August 1978 Villa-Komaroff paper shows the successful reproduction of a 
mammalian protein's structure by bacterial machinery (see paragraph 14 above); (4) the October 
1978 Chang paper shows the successful expression of a functional mammalian protein in 
bacteria (see paragraph 15 above); (5) the October 1978 Mercereau-Puijalon, the December 1978 
Seeburg, and the August 1979 Martial publications show the successful expression of long 
polypeptides from higher eukaryotes in bacteria (see paragraphs 16, 18, and 22 above); (6) the 
December 1978 Fraser paper shows that eukaryotic proteins can be stable in the bacterial 
intracellular environment (see paragraph 17 above); (7) the Goeddel October 1979 paper show 
that eukaryotic proteins can be directly expressed in bacteria without presequence (see paragraph 
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19 above); (8) the Emtage 1980 Nature paper shows that a eukaryotic protein can be directly 
expressed; and (9) the Roberts November 1979 paper shows the successful practice of the 
method described in the Ptashne '892 patent, where a eukaryotic protein is expressed in bacteria 
without extraneous peptides, directly from the eukaryotic protein's ATG, and directly from 
bacterial control elements (see paragraph 25 above). Further, the Ptashne '892 patent provides 
an example of its invention where bacterial expression constructs containing the rabbit ^-globin 
gene were designed. This example was built upon (at the 3' end of a 5' portion of the p-globin 
gene, lacZ genes were fused in order to provide an efficient method for screening, where positive 
clones were isolated such that the full-length p-globin gene was remade and then expressed in 
bacteria in a non-fusion form) and later successfully conducted and published. ( See Tab QQ, 
"Improved Methods for Maximizing Expression of a Cloned Gene: a Bacterium that Synthesizes 
Rabbit P-Globin," published June 1980, received March 10, 1980). Th Ptashne '892 Example 
explicitly stated that the "globin gene in the above construction can be any gene coding for 
prokaryotic or eukaryotic proteins." (Tab BB at col. 2, 11. 48-49.) 
Disclosure of the Goeddel Claims in the Prior Art: 

A. Goeddel U.S. Application Serial No. 07/374.3 1 U'3 1 1 application) claims 25. 26. 34-40. 
42-47 are anticipated by the Taniguchi Gene paper or the Taniguchi Preprint: 

56. I have been informed that for a claim to be anticipated by the prior art, a single 
prior art disclosure must contain all of the elements of the claim, either explicitly or inherently. I 
have been informed that inherent disclosure means that the element is necessarily disclosed in 
the paper, but that one of ordinary skill in the art at the time of the prior art disclosure need not 
know that the element is necessarily disclosed. 

All of the elements of claim 25 are disclosed in either the Taniguchi Preprint or Gene 

paper: 
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a. Claim 25 element "A DNA encoding a mature human fibroblast interferon having 
a total of 166 amino acids," is explicitly disclosed: 

i. At p. 13, Fig. 2 and Fig. 2 Legend of the Taniguchi Gene paper: 
"Nucleotide sequence of the human fibroblast interferon cDNA and the predicted amino acid 
sequence of the pre-interferon molecule. ... The DNA sequence permits prediction of the entire 
amino acid sequence for human fibroblast interferon ( amino acids 1-166 ) and its putative signal 
peptide (amino acids -21 to -1) as shovra in the line above the DNA sequences" (underlining 
added); and 

ii. At Legend for Fig. 1 of the Preprint: "Comparison of the nucleotide 
sequences of human leukocyte interferon I (Le-IF I) and human fibroblast interferon cDNA and 
of the derived amino acid sequences. The sequences are from Mantei et al. (19) and Taniguchi et 
al. (21). They were aligned to give maximal homology. Identical amino acids are framed, 
identical nucleotides are marked by a dot. SI to S23 indicate the amino acids of the putative 
signal sequence; 1 to 166 the amino acids of the interferon polypeptides." (Underlining added.) 

b. Claim 25 element "and unaccompanied by a human fibroblast interferon 
presequence" is inherently disclosed: 

i. At p. 13, Fig. 2 and Fig. 2 Legend of the Taniguchi Gene paper: "The 
DNA sequence permits prediction of the entire amino acid sequence for human fibroblast 
interferon (amino acids 1-166) and its putative signal peptide (amino acids -21 to -1) as shown in 
the line above the DNA sequences." Because the reference teaches exactly where the signal 
peptide begins and ends, and because cloning techniques were routine at the time (see paragraphs 
33, 35, 39-40), a DNA coding for the mature human fibroblast interferon "unaccompanied" by 
presequence is inherent to the reference. 
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ii. At p. 3, 11. 4-16 of the Preprint: "In Fig. 1, the nucleotide sequences of Le- 
IF I and F-IF cDNA were aligned so that the AUGs closest to their 5' termini coincided. From 
the amino terminal sequence published for F-IF (16) and lymphoblastoid Le-IF (22) one can 
determine that in the case of F-IF the 21st codon following the initiation triplet and in the case of 
Le-IF the 23rd codon represents the first amino acid of the interferon polypeptide." Again, 
because the reference teaches exactly where the signal peptide begins and ends, and because 
cloning techniques were routine at the time, a DNA coding for the mature human fibroblast 
interferon "unaccompanied" by presequence is inherent to the reference. 

iii. In my opinion, given the Taniguchi Gene or Preprint disclosure, one of 
ordinary skill in the art would know how to make a cDNA coding for the mature interferon 
without presequence and would desire to make such a cDNA in view of the established fact at 
the time that the native functional interferon is secreted by human cells without presequence. 

57. I understand that claim 26 further limits claim 25 by the limitation that the DNA 
of claim 25 has at least the nucleotide sequence shown in claim 26 of Tab J. This nucleotide 
sequence, which is the coding sequence for the mature human fibroblast interferon, is disclosed 
at Fig. 2 of the Taniguchi Gene paper or Fig. 1 of the Taniguchi Preprint. The Taniguchi Gene 
paper nucleotide sequence at nucleotides 70 to 567 is identical to the nucleotide sequence listed 
in Goeddel claim 26 (and claims 36 and 42), except for the nucleotides that encode amino acid 
residue 1 1 1 (phenylalanine), where the Taniguchi Gene paper recites "TTC" and the Goeddel 
claims recite "TTT". Thus, the one nucleotide difference is inconsequential because both triplets 
code for phenylalanine. The Taniguchi Preprint discloses a cDNA sequence that is identical to 
the cDNA sequence disclosed by the Taniguchi Gene paper. 
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58. Claim 34 recites "A DNA which consists essentially of a DNA which codes for 
human fibroblast interferon polypeptide." I have been informed that "consists essentially of 
should be interpreted broadly, and that a DNA which consists essentially of a DNA which codes 
for human fibroblast interferon polypeptide can include sequence additional to the coding 
sequence for a mature human fibroblast interferon polypeptide. But even if the claim is 
interpreted to be limited to a DNA only having the coding sequence for a mature human 
fibroblast interferon, the Taniguchi Gene paper (at Fig. 2) and the Taniguchi Preprint (at Fig. 1) 
disclose DNA molecules that code for human fibroblast interferon, either with or without 
presequence. As discussed above in paragraph 56, both papers are explicit as to where the 
presequence ends and where the mature sequence begins. Exercising prior art cloning techniques 
such as those described in paragraphs 33, 35, 39-40, one of ordinary skill in the art could 
routinely make DNA molecules having a sequence that is limited to the coding sequence for the 
mature human fibroblast interferon. 

59. Claim 35 recites: "A DNA consisting essentially of a DNA which codes for 
mature human fibroblast interferon polypeptide having the amino acid sequence: [as displayed 
in claim 36 of Tab JJ; i.e. , the amino acid sequence of the mature human fibroblast interferon]. 
Both the Taniguchi Gene paper (at Fig. 2) and the Taniguchi Preprint (at Fig. 1) disclose DNA 
molecules that code for human fibroblast interferon, either with or without presequence. As 
discussed above in paragraph 56, both papers are explicit as to where the presequence ends and 
where the mature sequence begins. Exercising prior art cloning techniques such as those 
described in paragraphs 33, 35, 39-40, one of ordinary skill in the art could routinely make DNA 
molecules having a sequence that is limited to the coding sequence for the mature human 
fibroblast interferon. 
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60. Claim 36 recites: "A DNA consisting essentially of a DNA according to claim 35 
which has the base pair sequence: [as displayed in claim 36 of Tab JJ; i.e., the nucleotide 
sequence coding for the amino acid sequence of the mature human fibroblast interferon]. Both 
the Taniguchi Gene paper (at Fig. 2) and the Taniguchi Preprint (at Fig. 1) disclose DNA 
molecules that code for human fibroblast interferon, either with or without presequence. As 
discussed above in paragraphs 56-57, both papers provide the claimed nucleotide sequence and 
are explicit as to where the presequence ends and where the mature sequence begins. Exercising 
prior art cloning techniques such as those described in paragraphs 33, 35, 39-40, one of ordinary 
skill in the art could routinely make DNA molecules having a sequence that is limited to the 
coding sequence for the mature human fibroblast interferon. 

61 . I understand that claim 37 limits claim 36 by specifying the DNA of claim 36 is 
"cloned." Figure 2 of the Taniguchi Gene paper provides the sequence from the "cDNA," which 
means complementary DNA that is synthesized from mRNA by reverse transcriptase. This 
necessarily means that a cDNA is cloned, which was cloned into "[hjybrid plasmid TpIF319-13, 
consists of a cDNA of about 800 base pairs inserted at the EcoRI site of pBR322." (Tab LL at p. 
12, It. col., last f .) The Taniguchi Preprint also provides the sequence from the cDNA, and 
explicitly mentions that "[w]e have recently cloned and sequenced one species each of Le-IF I) 
(18, 19) and F-IF cDNA (20, 21)." (Tab MM at p. 2, last %) Again, exercising prior art cloning 
techniques such as those described in paragraphs 33, 35, 39-40, one of ordinary skill in the art 
could routinely make DNA molecules having a sequence that is limited to the coding sequence 
for the mature human fibroblast interferon by, for example, linearizing the plasmid upstream of 
the cDNA and digesting back the cDNA with exonuclease or other nucleases. 

33 

Board Assigned Page #1660 



62. Claim 38 recites: "38. A cloned DNA consisting essentially of a DNA which 
codes for a polypeptide having the amino acid sequence in claim 35." As discussed in paragraph 
61 above, both the Taniguchi Gene and Preprint disclose cloned DNA coding for a polypeptide 
having the mature human fibroblast interferon ammo acid sequence. 

63. Claim 39 recites: "A recombinant plasmid wherein a DNA which codes for the 
amino acid sequence: [mature human fibroblast interferon amino acid sequence as listed in at 
claim 39 in Tab JJ] is inserted in a vector DNA." I understand that claim 39 differs from claim 
38 by the limitation "recombinant plasmid." The Taniguchi Gene paper discloses that the cDNA 
of human fibroblast interferon was cloned into TpIF319-13, which is a recombinant plasmid. 
The Taniguchi Preprint discloses that the fibroblast interferon cDNA was cloned and referred to 
reference number 20 (Tab MM at p. 2, last f), which is Taniguchi et al., Proc. Jap. Acad. Ser. B . 
55, 464-469 (1979)(Tab G), which discloses TpIF3 19-13. (See Tab G at p. 468, 1st full f. 
"These results thus indicate that the recombinant plasmid DNA from clone no. 319, named 
TIF3 1 9, contains the sequence for the interferon mRNA.") 

64. Claim 40 recites: "A microorganism containing the recombinant plasmid defined 
in claim 39." I understand that claim 40 differs from claim 39 by the limitation "a 
microorganism" containing the recombinant plasmid of claim 39. The Taniguchi Gene paper 
states, "a bacterial clone containing the hybrid plasmid TpIF3l9-13 has been described in 
previous papers," which previous papers include "Taniguchi et al. 1979," i.e., Taniguchi et al, 
Proc. Jap. Acad. Ser. B . 55, 464-469 (1979)(Tab G). (See Tab LL at p. 12, It. col., 2nd f .) This 
paper is the same reference number 20 referred to by the Taniguchi Preprint in its disclosure that 
the fibroblast interferon cDNA was cloned (Tab MM at p. 2, last f ). 
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65. Claim 42 recites: "The recombinant plasmid according to claim 39 wherein said 
inserted DNA comprises the following base pair sequence: [see nucleotide sequence coding for 
the mature human fibroblast interferon in Tab JJ]." I understand claim 42 differs from claim 39 
by specifying a specific nucleotide sequence coding for the mature human fibroblast interferon 
amino acid sequence rather than any nucleotide sequence coding for said amino acid sequence. 
The specific nucleotide sequence listed in claim 42 in Tab JJ is disclosed in Figure 2 of the 
Taniguchi Gene paper and in Figure 1 of the Taniguchi Preprint, except for the nucleotides that 
encode amino acid residue 1 1 1 (phenylalanine), where the Taniguchi Gene paper recites "TTC" 
and the Goeddel claims recite "TTT". But this is an inconsequential difference, because both 
triplets code for phenylalanine. Again, both Taniguchi disclosures are explicit as to where the 
mature human fibroblast interferon nucleotide and encoded amino acid sequence begins and 
ends. 

66. Claim 43 recites: "The recombinant plasmid according to claim 39 wherein said 
vector DNA is an Escherichia coli plasmid." I understand that claim 43 differs from claim 39 by 
specifying that the vector is an E. coli plasmid. Both the Taniguchi Gene paper and Preprint 
disclose the recombinant plasmid TpIF319-13, which is based on the pBR322 plasmid ("Hybrid 
plasmid TpIF3 19-13, consists of a cDNA of about 800 base pairs inserted at the EcoRI site of 
pBR322," see Tab LL at p. 12, It. col., last f), which is an E. coli plasmid. The Taniguchi 
Preprint discloses TpIF319-13 because it states that the fibroblast interferon cDNA was cloned 
and referred to reference number 20 (see Tab MM at p. 2, last f ), which is Taniguchi et al, Proc. 
Jap. Acad. Ser. B . 55, 464-469 (1979)(Tab G), which discloses TpIF319-13. (See Tab G at p. 
468, 1st full f. "These results thus indicate that the recombinant plasmid DNA from clone no. 

3 1 9, named TIF3 1 9, contains the sequence for the interferon mRNA.") 
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67. Claim 44 recites: "The recombinant plasmid according to claim 43 wherein said 
Escherichia coli plasmid is pBR322." I understand that claim 44 differs from claim 43 by 
specifying that the plasmid is "pBR322." As discussed above in claim 43, the TpIF3 19-13 
plasmid is made from the pBR322 plasmid. 

68. Claim 45 recites: "A process for preparing a recombinant plasmid which 
comprises inserting a synthesized double stranded DNA which codes for the amino acid 
sequence: [mature fibroblast human interferon as shown in claim 45 of Tab JJ] in a vector 
DNA." 

a. The step of "inserting a synthesized double stranded DNA" is disclosed by the 
Taniguchi Gene reference by its statement that "DNA svnthesized by in vitro reverse 
franscription of the interferon mRNA has been cloned and amplified as recombinant DNA, 
TpIF319-13 (Taniguchi et al. 1979)." (Tab G at Abstract, emphasis added.) Reverse 
transcription of interferon mRNA will result in a "synthesized double stranded DNA" which is 
inserted into a vector DNA because cloning it into TpIF3 19-13 means it is inserted into a vector 
DNA. The Taniguchi Preprint also discloses the step "inserting a synthesized double stranded 
DNA" into "a vector DNA" because the Preprint mentions that "[w]e have recently cloned and 
sequenced one species each of Le-IF (18, 19) and F-IF cDNA (20, 21)." (Tab MM at p. 2, last 
%.) Cloning the F-IF cDNA in reference 20 involved synthesizing cDNA from interferon mRNA 
and inserting the synthesized cDNA into pBR322 to generate TpIF319-13. 

b. The synthesized double stranded DNA that codes for the mature human fibroblast 
interferon amino acid sequence is disclosed in the prior art because Fig. 2 of the Taniguchi Gene 
paper and Fig. 1 of the Preprint present the interferon cDNA sequence and encoded mature 
amino acid sequence. 
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69. Claim 46 recites: "The process according to claim 45 wherein said vector DNA is 
an Escherichia coli plasmid." I understand that claim 46 differs from claim 45 by specifying that 
the vector DNA is an E. coli plasmid. Both the Taniguchi Gene paper and the Preprint disclose 
that the vector DNA is an E. coli plasmid because both publications disclose that the interferon 
cDNA was cloned in TpIF319-13, a pBR322 based E. coli plasmid. 

70. Claim 47 recites: "A process according to claim 46 wherein said Escherichia coli 
plasmid is pBR322." I understand that claim 47 differs from claim 46 by specifying that the K 
coU plasmid is pBR322. As stated in paragraph 69 above, TpIF319-13 is a pBR322 based 
plasmid. 

B. Goeddel U.S. Application Serial No. 07/374.3 1 1 r'3 1 1 application^) claims 25-52 are 
made obvious by the Taniguchi Preprint or the Taniguchi Gene paper in view of the Ptashne '892 
patent and the Goeddel Nature (1979) paper: 

71 . I have been informed that a claim can be made obvious by a combination of prior 
art disclosures, where the combination discloses either explicitly, implicitly, or inherently all of 
the elements of the claim. 

All of the elements of claim 25 are disclosed in either the Taniguchi Preprint or Gene 
paper, when combined with the Ptashne '892 patent: 

a. Claim 25 element "A DNA encoding a mature human fibroblast interferon having 
a total of 166 amino acids," is disclosed: 

i. At p. 13, Fig. 2 and Fig. 2 Legend of the Taniguchi Gene paper: 
"Nucleotide sequence of the human fibroblast interferon cDNA and the predicted amino acid 
sequence of the pre-interferon molecule. ... The DNA sequence permits prediction of the entire 
amino acid sequence for human fibroblast interferon ( amino acids 1-166 ) and its putative signal 
peptide (amino acids -21 to -1) as shown in the line above the DNA sequences" (underlining 
added); and 
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ii. At Legend for Fig. 1 of the Preprint: "Comparison of the nucleotide 
sequences of human leukocyte interferon I (Le-IF I) and human fibroblast interferon cDNA and 
of the derived amino acid sequences. The sequences are from Mantel et al. (19) and Taniguchi et 
al. (21). They were aligned to give maximal homology. Identical amino acids are framed, 
identical nucleotides are marked by a dot. SI to S23 indicate the amino acids of the putative 
signal sequence; 1 to 166 the amino acids of the interferon polypeptides." (Underlining added.) 

b. Claim 25 element "and unaccompanied by a human fibroblast interferon 
presequence" is disclosed: 

i. At p. 13, Fig. 2 and Fig. 2 Legend of the Taniguchi Gene paper: "The 
DNA sequence permits prediction of the entire amuio acid sequence for human fibroblast 
interferon (amino acids 1-166) and its putative signal peptide (amino acids -21 to -1) as shown in 
the line above the DNA sequences." The reference teaches exactly where the signal peptide 
begins and ends. 

ii. At p. 3, 11. 4-16 of the Preprint: "In Fig. 1, the nucleotide sequences of Le- 
IF I and F-IF cDNA were aligned so that the AUGs closest to their 5' termini coincided. From 
the amino terminal sequence published for F-IF (16) and lymphoblastoid Le-IF (22) one can 
determine that in the case of F-IF the 21st codon following the initiation triplet and in the case of 
Le-IF the 23rd codon represents the first amino acid of the interferon polypeptide." Again, the 
reference teaches exactly where the signal peptide begins and ends. 

iii. The Ptashne '892 patent discloses the use of routine cloning techniques to 
make a DNA coding for the mature human fibroblast interferon "unaccompanied" by 
presequence: 

[I]n accordance with the present invention, a hybrid ribosomal binding site is 
formed consisting of the S-D sequence and initiator from the lac operon and the 
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ATG of the gene, and such a fused gene is translated and transcribed efficiently. 
Using the enzymes exonuclease III and SI, the promoter may be put at any 
desired position in front of the translational start site of the gene in order to obtain 
optimum production of protein. Since the promoter can be inserted at a restriction 
site ahead of the translational start site of the gene, the gene can first be cut at the 
restriction site, the desired number of base pairs and any single stranded tails can 
be removed by treating with nucleases for the appropriate time period, and 
religating. 

(Tab BB at col. 1, 1. 65 to col. 2, 1. 1 1 .) To obtain production of the mature interferon, at a 
minimum, the ATG of the presequence must be removed such that translation begins at the ATG 
of the mature protein. As taught in the passage above, the gene can first be cut at a restriction 
site ahead of the ATG of the mature protein and the desired number of base pairs removed. As 
discussed above in paragraph 46, the entire presequence DNA can be digested away and 
identification of the desired clone requires only routine experimentation. But if the claim 
language is interpreted to mean that the DNA can have additional nucleotide sequence as long as 
the nucleotide sequence only codes for a mature human fibroblast interferon without presequence 
amino acids, then only the ATG nucleotides of the presequence needs to be digested. Without 
the ATG nucleotides of the presequence, translation would begin at the next ATG, i.e., the ATG 
of the mature sequence. 

72. I understand that claim 26 further limits claim 25 by the limitation that the DNA 
of claim 25 has at least the nucleotide sequence shown in claim 26 in Tab JJ. I understand that 
the DNA of claim 26 can have additional nucleotides over those listed in claim 26 because of the 
term "comprising." Thus, in view of the Ptashne '892 patent teachings, such as the passage 
listed in paragraph 71 above, one of ordinary skill in the art would take the Taniguchi Gene or 
Preprint cDNA and remove the leader sequence ATG in order to have a DNA that encodes a 
mature human fibroblast interferon without presequence and comprises the nucleotide coding 
sequence for the mature human fibroblast interferon. 
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73. Claim 27 recites: "A replicable microbial expression vehicle capable, in a 

transformant microorganism, of directing expression of a DNA of claim 25 or 26." As discussed 

above in paragraphs 71-72, the DNA of claim 25 or claim 26 is disclosed by the Taniguchi Gene 

paper or Preprint, either alone, or in view of the Ptashne '892 patent. The element "a replicable 

microbial expression vehicle capable in a transformant microorganism of directing expression" 

of the DNA of claim 25 or claim 26 is disclosed in the Ptashne '892 patent: 

The present invention provides a method of producing native, unfused prokaryotic 
or eiikaryotic protein in bacteria which comprises inserting into a bacterial 
plasmid a gene for a prokaryotic or eukaryotic protein and a portable promoter 
consisting of a DNA fragment containing a transcription initiation site recognized 
by RNA polymerase and containing no protein translational start site, said 
promoter being inserted ahead of a protein translational start site of said gene to 
form a fused gene having a hybrid ribosome binding site, inserting said plasmid 
into said bacteria to transform said bacteria with said plasmid containing said 
fused gene, and culturing the transformed bacteria to produce said prokaryotic or 
eukaryotic protein." 

(Tab BB at col. 1, 11. 35-48.) This passage teaches an expression plasmid or "vehicle" that 
directs expression of a native, unfused eukaryotic gene through its a hybrid ribosomal binding 
site and portable promoter control elements. The passage also teaches that the plasmid is 
transformed into bacteria, and thus, the passage discloses a "transformant microorganism." The 
Ptashne '892 patent also explicitly discloses a "replicable" expression plasmid, because it reports 
the use of pBR322 (see Tab BB at Example at col. 2, 1. 18). Thus, all elements of claim 27 are 
disclosed. 

74. Claim 28 recites: "A microorganism transformed with a microbial expression 
vehicle capable, in said microorganism, of directing expression of a DNA of claim 25 or 26." As 
discussed above in paragraph 73, the cited passage from the Ptashne '892 patent discloses a 
microbial expression capable of directing expression of the interferon DNA that is transformed 
into bacteria. 
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75. Claim 29 differs from claim 28 by limiting the microorganism to E. coli . The 
Ptashne '892 patent specifically recites ^'Escherichia coli" at col. 1,1. 14. 

76. Claim 30 differs from claim 29 by specifying that the E. coli is "K-12 strain 294.'' 
The Goeddel Nature paper states: "Many transformants of E. coli 294 (ref 16) were obtained 
with plasmids containing EcoRI and Hindlll inserts of approximately the desired size." (Tab U 
at p. 544, rt. col., 2nd % The cited "ref 16" is: Backman, K., Ptashne, M., and Gilbert, W., 
"Construction of plasmids carrying the cl gene of bacteriophage X,'" Proc. Natl. Acad. Sci. USA, 
(1976) Vol. 73, No. 11, pp. 4174-4178, which recites "E. coli K12 strain 294" (Tab TT at p. 
4174, rt. col., Materials and Methods). 

77. Claim 3 1 recites: "A method for producing a first polypeptide having a total of 
166 amino acids and having the amino acid sequence of a mature human fibroblast interferon or 
a second polypeptide having a total of 165 amino acids and having the amino acid sequence of a 
mature human fibroblast interferon except for the amino-terminal methionine of said interferon 
or a mixture of said first and second polypeptides, comprising culturing a microorganism 
transformed with a microbial expression vehicle capable, in said microorganism, of directing 
expression of a DNA of claim 25 or 26." 

a. I have been informed that the 'preamble' of a claim does not impart meaning to 
the claim where it only states a purpose or intended use of the invention. But regardless, the 
preamble limitation is disclosed by the prior art. I have been informed when then there are 
limitations in the alternative, only one must be satisfied. The preamble element "first 
polypeptide having a total of 166 amino acid and having the amino acid sequence of a mature 
human fibroblast interferon" and the element "DNA of claim 25 or 26" is disclosed by the 
Taniguchi Gene paper or the Preprint as discussed above in paragraph 71. 
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b. The element "comprising culturing a microorganism transformed with a microbial 
expression vehicle capable, in said microorganism, of directing expression" is disclosed in the 
Ptashne '892 patent at the same passage cited in paragraph 73 above (see Tab BB at col. 1, 11. 35- 
48). The passage specifies that a eukaryotic gene can be expressed by a bacterial plasmid having 
a portable promoter and a hybrid ribosomal binding site, where the plasmid is transformed and 
cultured in a bacterium. 

78. I understand claim 32 differs from claim 3 1 by limiting the preamble such that the 
method is only for producing a polypeptide having a total of 166 amino acids and having the 
amino acid sequence of a mature human fibroblast interferon. As discussed at least in paragraph 
77 above, the Ptashne' 892 patent provides the method for producing native, unfused proteins and 
the Taniguchi Gene paper or Preprint provides the cDNA that codes for a polypeptide having a 
total of 166 amino acids and having the sequence of a mature human fibroblast interferon. 

79. I understand claim 33 differs from claim 3 1 by limiting the preamble such that the 
method is only for producing a polypeptide having a total of 165 amino acids and having the 
amino acid sequence of a mature human fibroblast interferon except for the amino-terminal 
methionine of said interferon. This limitation is disclosed by the common knowledge in the prior 
art at the time because it was known that N-terminal methionines are sometimes removed by 
bacterial methionyl aminopeptidases. For example, the Goeddel Nature paper states, "[t]he fact 
that most bacterial proteins do not contain N-terminal methionine residues suggests that the fMet 
should be efficiently removed, resulting in the direct expression of HGH." (Tab U, p. 544, It. 
col., 2"^* to last %) Given this view, bacterial production of a eukaryotic cDNA that codes for a 
166 amino acid protein starting with methionine could result in a 165 amino acid protein. With 
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respect to the culturing step, it is generally the same for a 166 amino acid protein as it would be 
for a 1 65 amino acid protein, as it would be for essentially any other protein. 

80. Claim 34 recites: "A DNA which consists essentially of a DNA which codes for 
human fibroblast interferon polypeptide." I have been informed that the broadest reasonable 
interpretation of the claim would mean that the DNA can code for a human fibroblast interferon 
polypeptide with or without presequence, especially in view of the fact that claim 35 is identical 
to this claim except that claim 35 specifies "mature." The Taniguchi Gene paper and the 
Preprint both disclose cDNA molecules that code for human fibroblast interferon polypeptides, 
and teach where the leader and mature sequences lie within the cDNA (see Fig. 2 and Fig. 1, 
respectively). But even if the claim is interpreted narrowly to mean without presequence, at least 
as of March 19, 1980, cloning techniques necessary to make an interferon cDNA without 
presequence were well known. As discussed above in paragraph 71, the Ptashne '892 patent 
informs one how to make an expression plasmid such that the ATG of the gene to be expressed is 
part of a hybrid ribosomal binding site nearby the portable promoter, and in this manner, 
transcription and translation are coupled under control of the plasmid. In order to make such an 
expression plasmid, the Ptashne '892 patent teaches the use of Exonuclease III and SI to remove 
unwanted base pairs of the gene. It was well known in the prior art at least as of October 26, 
1979^ or February 2, 1980'' that the secreted form of human fibroblast interferon began with an 



^ I have reviewed the publication. Knight and Hunkapiller, "Purification, Amino Acid Composition, and N-Terminal 
Amino Acid Sequence of Human Fibroblast Interferon," from Annals of the Nevi'York Academy of Sciences, Vol. 
350, "Regulatory Functions of Interferons," Eds. Vilcek et al., (1980) (Tab SS). I understand this is a publication of 
the information presented by Knight and Hunkapiller at the October 23-26, 1979 New York Academy of Sciences 
Conference on Regulatory Functions of Interferons. The publication discloses the 13 N-terminal amino acids of the 
secreted mature human fibroblast interferon. 
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N-terminal sequence of Met-Ser-Tyr- Asn-Leu-Leu-Gly-Phe-Leu-Gln- Arg-Ser-Ser. With this N- 
terminai sequence and with the cDNA sequence provided by the Taniguchi Gene paper or 
Taniguchi Preprint, one of ordinary skill in the art would know that the functional, secreted 
human fibroblast interferon protein did not have the leader sequence. Thus, one of ordinary skill 
in the art would have made the expression construct such that the leader sequence would not be 
expressed as part of the interferon protein. 

81 . Claim 35 recites: "A DNA consisting essentially of a DNA which codes, for 
mature human fibroblast interferon polypeptide having the amino acid sequence: [mature human 
fibroblast interferon amino acid sequence as shown in claim 35 in Tab JJ]." As discussed above 
in paragraph 80, the Taniguchi Gene paper and Preprint disclose the nucleotide coding sequence 
for the mature human fibroblast interferon amino acid sequence because they specify where the 
mature sequence begins and ends and where the presequence begins and ends. The claimed 
amino acid sequence is identically disclosed by the Taniguchi disclosures. Also as discussed 
above in paragraph 71, the Ptashne '892 patent and the prior art (for example, see Goeddel's 
'832 patent, Tab DD at col. 5, 1. 60 to col. 6, 1. 15) teaches the use of Exonuclease III and SI or 
other nucleases such that "the gene can first be cut at the restriction site, the desired number of 
base pairs and any single stranded tails can be removed by treating with nucleases for the 
appropriate time period, and religating." (Tab BB at col. 2, 11. 7-11.) 

82. Claim 36 recites: "A DNA consisting essentially of a DNA according to claim 35 
which has the base pair sequence: [nucleotide sequence that codes for the mature human 
fibroblast interferon protein as listed in claim 36 in Tab JJ]." I understand that claim 36 differs 
from claim 35 by specifying the exact nucleotide sequence that codes for the mature human 

^ The publication date of Knight et al., Science . 207:525-526 (Feb. 1980). I have reviewed this publication, and it 
also discloses the 13 N-terminal amino acids of the secreted mature human fibroblast interferon. 
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fibroblast interferon. This nucleotide sequence is disclosed by the Taniguchi Gene paper and the 
Preprint at Fig. 2 and Fig. 1, respectively. The Taniguchi Gene paper nucleotide sequence at 
nucleotides 70 to 567 is identical to the nucleotide sequence listed in Goeddel claims 26, 36, and 
42, except for the nucleotides that encode amino acid residue 1 1 1 (phenylalanine), where the 
Taniguchi Gene paper recites "TTC" and the Goeddel claims recite "TTT". Because both 
triplets code for phenylalanine, the single nucleotide difference is inconsequential. The 
sequences are identical in the Taniguchi Gene paper and in the Taniguchi Preprint. 

83. Claim 37 recites: "A cloned DNA consisting essentially of a DNA having the 
base pair sequence defined in claim 36." I understand that claim 37 differs fi-om claim 36 by 
specifying that the DNA is "cloned." Figure 2 of the Taniguchi Gene paper provides the 
sequence from the "cDNA," which means complementary DNA that is synthesized from mRNA 
by reverse transcriptase. This necessarily means that a cDNA is cloned, which was cloned into 
"[hjybrid plasmid TpIF319-13, consists of a cDNA of about 800 base pairs inserted at the EcoRI 
site of pBR322." (Tab LL at p. 12, It. col., last f .) The Taniguchi Preprint also provides the 
sequence from the cDNA, and explicitly mentions that "[w]e have recently cloned and sequenced 
one species each of Le-IF I) (18, 19) and F-IF cDNA (20, 21)." (Tab MM at p. 2, last f.) Again, 
exercising prior art cloning techniques such as those described in the Ptashne '892 patent or in 
other prior art, one of ordinary skill in the art could routinely make DNA molecules having a 
sequence that is limited to the coding sequence for the mature human fibroblast interferon by, for 
example, linearizing the plasmid upstream of the cDNA and digesting back the cDNA with 
nucleases. 

84. Claim 38 recites: "A cloned DNA consisting essentially of a DNA which codes 
for a polypeptide having the amino acid sequence in claim 35." As discussed in paragraph 81 
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above, both the Taniguchi Gene and Preprint disclose cloned DNA coding for a polypeptide 
having the mature human fibroblast interferon amino acid sequence, and the Ptashne '892 patent 
provides further explicit instructions to make a construct such that a native protein is expressed 
from its ATG. 

85. Claim 39 recites: "A recombinant plasmid wherein a DNA which codes for the 
amino acid sequence: [mature human fibroblast interferon amino acid sequence as listed in at 
claim 39 in Tab JJ] is inserted in a vector DNA." I understand that claim 39 differs from claim 
38 by the limitation "recombinant plasmid." The Taniguchi Gene paper discloses that the cDNA 
of human fibroblast interferon was cloned into TpIF3 19-13, which is a recombinant plasmid. 
The Taniguchi Preprint discloses that the fibroblast interferon cDNA was cloned and referred to 
reference number 20 ((Tab NN at p. 2, last % which is Taniguchi et al, Proc. Jap. Acad. Ser. B, 
55, 464-469 (1979)(Tab G), which discloses TpIF319-13. (See Tab G at p. 468, 1st full f. 
"These results thus indicate that the recombinant plasmid DNA from clone no. 319, named 
TIF3 19, contains the sequence for the interferon mRNA.") The Ptashne '892 patent teaches that 
for a protein to be expressed in its native, i.e., mature, form, the ATG of the gene is positioned as 
part of a hybrid ribosomal binding site downstream of a portable promoter. The '892 patent 
teaches that unwanted basepairs of the gene, which in this case would be at least the ATG of the 
presequence, are eliminated using Exonuclease III and SI nuclease. 

86. Claim 40 recites: "A microorganism containing the recombinant plasmid defined 
in claim 39." I understand that claim 40 differs from claim 39 by the limitation "a 
microorganism" containing the recombinant plasmid of claim 39. The Taniguchi Gene paper 
states, "a bacterial clone containing the hybrid plasmid TpIF319-13 has been described in 
previous papers," which previous papers include "Taniguchi et al. 1979," i.e., Taniguchi et al., 
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Proc. Jap. Acad. Ser. B . 55, 464-469 (1979)(Tab G). (See Tab LL at p. 12, It. col, 2nd %) This 
paper is the same reference number 20 referred to by the Taniguchi Preprint in its disclosure that 
the fibroblast interferon cDNA was cloned (Tab MM at p. 2, last %). A "bacterial clone" is a 
microorganism containing the recombinant plasmid. 

87. Claim 41 recites: "The microorganism according to claim 40 which is 
Escherichia coli K-12 strain 294." The Goeddel Nature paper discloses K-12 strain 294: "Many 
transformants of E. coli 294 (ref. 16) were obtained with plasmids containing EcoRI and Hindlll 
inserts of approximately the desired size." (Tab U at p. 544, rt. col, 2nd f.) The cited "ref. 16" 
is: Backman, K., Ptashne, M., and Gilbert, W., "Construction of plasmids carrying the cl gene of 
bacteriophage X," Proc. Natl. Acad. Sci. USA, (1976) Vol. 73, No. 1 1, pp. 4174-4178 (Tab TT), 
which recites "E. coli Kl 2 strain 294," (Tab TT at p. 4 1 74, rt. col. Materials and Methods.) 

88. Claim 42 recites: "The recombinant plasmid according to claim 39 wherein said 
inserted DNA comprises the following base pair sequence: [nucleotide sequence coding for the 
mature human fibroblast interferon as shown in claim 42 of Tab JJ]." I understand claim 42 
differs from claim 39 by specifying a specific nucleotide sequence coding for the mature human 
fibroblast interferon amino acid sequence rather than any nucleotide sequence coding for said 
amino acid sequence. This nucleotide sequence is disclosed by the Taniguchi Gene paper and 
the Preprint at Fig. 2 and Fig. 1, respectively. The Taniguchi Gene paper nucleotide sequence at 
nucleotides 70 to 567 is identical to the nucleotide sequence listed in Goeddel claims 26, 36, and 
42, except for the nucleotides that encode amino acid residue 1 1 1 (phenylalanine), where the 
Taniguchi Gene paper recites "TTC" and the Goeddel claims recite "TTT". Because both 
triplets code for phenylalanine, the single nucleotide difference is inconsequential. The 
sequences are identical in the Taniguchi Gene paper and in the Taniguchi Preprint. Again, both 
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Taniguchi disclosures are explicit as to where the mature human fibroblast interferon nucleotide 
and encoded amino acid sequence begins and ends, and the Ptashne '892 patent teaches that 
unwanted basepairs of the gene, such as the presequence of the interferon leader sequence, can 
be eliminated using Exonuclease III and SI nuclease so that translation begins at the desired 
ATG. 

89. Claim 43 recites: "The recombinant plasmid according to claim 39 wherein said 
vector DNA is an Escherichia coli plasmid." I understand that claim 43 differs from claim 39 by 
specifying that the vector is an E. coli plasmid. . Both the Taniguchi Gene paper and Preprint 
disclose the recombinant plasmid TpIF319-13, which is based on the pBR322 plasmid ("Hybrid 
plasmid TpIF3 19-13, consists of a cDNA of about 800 base pairs inserted at the EcoRI site of 
pBR322," see Tab LL at p. 12, It. col., last f), which is an E. coli plasmid. The Taniguchi 
Preprint discloses TpIF319-13 because it states that the fibroblast interferon cDNA was cloned 
and referred to reference number 20 ( see Tab MM at p. 2, last f), which is Taniguchi et al, Proc. 
Jap. Acad. Ser. B . 55, 464-469 (1979)(Tab G), which discloses TpIF319-13. (See Tab G at p. 
468, 1st full |: "These results thus indicate that the recombinant plasmid DNA from clone no. 
319, named TIF319, contains the sequence for the interferon mRNA.") 

90. Claim 44 recites: "The recombinant plasmid according to claim 43 wherein said 
Escherichia coli plasmid is pBR322." I understand that claim 44 differs from claim 43 by 
specifying that the plasmid is "pBR322." As discussed above in claim 43, the TpIF319-13 
plasmid is made from the pBR322 plasmid. 

91 . Claim 45 recites: "A process for preparing a recombinant plasmid which 
comprises inserting a synthesized double stranded DNA which codes for the amino acid 
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sequence: [mature fibroblast human interferon amino acid sequence as listed in claim 45 in Tab 
JJ] in a vector DNA." 

a. The step of "inserting a synthesized double stranded DNA" is disclosed by the 
Taniguchi Gene reference by its statement that "DNA synthesized by in vitro reverse 
transcription of the interferon mRNA has been cloned and amplified as recombinant DNA, 
TpIF319-13 (Taniguchi et al. 1979)." (Tab LL at Abstract, emphasis added.) Reverse 
transcription of interferon mRNA will result in a "synthesized double stranded DNA" which is 
inserted into a vector DNA because cloning it into TpIF319-13 means it is inserted into a vector 
DNA. The Taniguchi Preprint also discloses the step "inserting a synthesized double stranded 
DNA" into "a vector DNA" because the Preprint mentions that "[w]e have recently cloned and 
sequenced one species each of Le-IF I) (18, 19) and F-IF cDNA (20, 21)." (Tab MM at p. 2, last 
%) Cloning the F-IF cDNA in reference 20 involved synthesizing cDNA from interferon mRNA 
and inserting the synthesized cDNA into pBR322 to generate TpIF3 19-13. 

b. The synthesized double stranded DNA that codes for the mature human fibroblast 
interferon amino acid sequence is disclosed in the prior art because Fig. 2 of the Taniguchi Gene 
paper and Fig. 1 of the Preprint present the interferon cDNA sequence and encoded mature 
amino acid sequence, where amino acids 1-166 are identical to the claimed amino acid sequence. 
Further, the '892 Ptashne patent teaches how to express eukaryotic proteins in bacteria by 
constructing expression vectors where a gene that codes for the native eukaryotic protein is 
inserted such that translation begins at its ATG. 

92. Claim 46 recites: "The process according to claim 45 wherein said vector DNA is 
an Escherichia coli plasmid." I understand that claim 46 differs from claim 45 by specifying that 
the vector DNA is an E. coli plasmid. Both the Taniguchi Gene paper and the Preprint disclose 
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that the vector DNA is an E. coli plasmid because both pubUcations disclose that the interferon 
cDNA was cloned in TpIF3 1 9-1 3, a pBR322 based E. coli plasmid. 

93. Claim 47 recites: "A process according to claim 46 wherein said Escherichia coli 
plasmid is pBR322." I understand that claim 47 differs from claim 46 by specifying that the E 
coli plasmid is pBR322. As stated in paragraph 69 above, TpIF319-13 is a pBR322 based 
plasmid. 

94. Claim 48 recites: "A process for producing a microorganism capable of 

expression of a polypeptide with interferon activity which comprises transforming a host 

microorganism with a replicable recombinant plasmid containing a foreign DNA which codes for 

the amino acid sequence: [mature human fibroblast interferon amino acid sequence as listed in 

claim 48 of Tab JJ]. The Ptashne '892 patent discloses a method for producing a microorganism 

with a replicable plasmid capable of expressing a polypeptide with interferon activity: 

The present invention provides a method of producing native, unfused prokaryotic 
or eukaryotic protein in bacteria which comprises inserting into a bacterial 
plasmid a gene for a prokaryotic or eukaryotic protein and a portable promoter 
consisting of a DNA fragment containing a transcription initiation site recognized 
by RNA polymerase and containing no protein translational start site, said 
promoter being inserted ahead of a protein translational start site of said gene to 
form a fused gene having a hybrid ribosome binding site, inserting said plasmid 
into said bacteria to transform said bacteria with said plasmid containing said 
fused gene, and culturing the transformed bacteria to produce said prokaryotic or 
eukaryotic protein." 

(Tab BB at col. 1, 11. 35-48.) As recited in this passage, the Ptashne '892 patent teaches how to 
make an expression vector that can direct the expression of native proteins, and that this 
expression vector is transformed into bacteria for production. As emphasized in the Abstract, 
"[t]he invention, which uses recombinant DNA techniques, produces proteins in their natural, 
functional state unencumbered by extraneous peptides." In reading the Ptashne '892 patent 
combined with the sequence information provided by the Taniguchi Gene paper or Preprint, one 
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of ordinary skill in the art would know to make a hybrid ribosomal binding site with the mature 
interferon ATG, such that the "extraneous peptides" of the leader sequence would not be present. 
Again, the Taniguchi Gene paper or Preprint provide (residues 1-166) the claimed amino acid 
sequence for the mature human fibroblast interferon. 

95. Claim 49 recites: "A process according to claim 48 wherein said host 
microorganism is Escherichia coli K-12 strain 294." As discussed above in paragraph 87, the 
limitation "Escherichia coli K-12 strain 294" is disclosed in the Goeddel Nature paper. 

96. Claim 50 recites: "A recombinant expression plasmid, comprising a DNA 

sequence encoding a mature human fibroblast interferon having a total of 166 amino acids and 

unaccompanied by a human fibroblast interferon presequence operably linked therein for 

expression by an Escherichia coli host, whereby expression of a mature human fibroblast 

interferon having a total of 1 66 amino acids and unaccompanied by a human fibroblast interferon 

presequence by said host is enabled." The Ptashne '892 patent teaches that expression of a 

native protein without extraneous peptides is made by fusing the ATG of the native protein to 

make a hybrid ribosomal binding site, "a hybrid ribosomal binding site is formed consisting of 

the S-D sequence and initiator from the lac operon and the ATG sequence of the gene, and such 

a fused gene is translated and transcribed efficiently." (Tab BB at col. 1, 1. 66 to col. 2, 1. 2.) The 

Taniguchi Gene paper and Preprint teach where the presequence ends and where the ATG of the 

mature human fibroblast begins. The Ptashne '892 patent teaches operably linked expression is 

governed by a promoter and a hybrid ribosomal binding site: 

[T]he E. coli lac operon, a fragment of DNA which contains a transcription 
initiation site but no translational start site, has the required properties to function 
as a portable promoter in the present invention, being transcribed at high 
efficiency by bacterial RNA polymerase. The mRNA produced contains a Shihe- 
Dalgamo (S-D) Sequence but it does not include the AUG or GUG required for 
translational initiation. However, in accordance with the present invention, a 
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hybrid ribosomal binding site is formed consisting of the S-D sequence and 
initiator from the lac operon and the ATG sequence of the gene, and such a fused 
gene is translated and transcribed efficiently. 

(Tab BB at col. 1, 1. 57 to col. 2, 1. 2.) The Ptashne '892 patent further teaches how unnecessary 
base pairs of the gene can be removed, "[sjince the promoter can be inserted at a restriction site 
ahead of the translational start site of the gene, the gene can first be cut at the restriction site, the 
desired number of base pairs and any single stranded tails can be removed by treating with 
nucleases for the appropriate time period, and religating." (Tab BB at col. 2, 11. 5-11.) Thus, 
given the knowledge of the human fibroblast interferon presequence provided by the Taniguchi 
Gene paper or Preprint, the Ptashne '892 patent teaches one of ordinary skill in the art that the 
presequence can be digested away with nucleases. A variety of timed digestions can be 
performed to remove different lengths of the presequence (where timed digestions was common 
practice in the art as of March 19, 1980), including the whole presequence, but digestion of the 
presequence ATG is all that is required in order to ensure translation begins from the mature 
interferon ATG such that the produced protein is unaccompanied by presequence. 

97. Claim 51 recites: "An Escherichia coli host cell capable of expressing a mature 
human fibroblast interferon polypeptide having a total of 166 amino acids and unaccompanied 
by a human fibroblast interferon presequence, transformed with an expression plasmid of claim 
50." The Ptashne '892 patent teaches that E. coli is capable of expressing eukaryotic proteins 
from expression vectors designed according to its methods as described above. As stated in 
claim 2 of the Ptashne '892 patent, "The method as claimed in claim 1 in which said bacteria is 
E. coUr (Tab BB at col. 3, 11. 19-20.) 

98. Claim 52 recites: "A method of producing a mature human fibroblast interferon 

polypeptide having a total of 1 66 amino acids and unaccompanied by a human fibroblast 

interferon presequence, comprising expressing the expression plasmid of claim 50 in Escherichia 
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coli." As discussed in paragraph 96 above, the Ptashne '892 patent teaches that expression in 
bacteria is controlled by the plasmid's portable promoter and hybrid ribosomal binding site, 
which are operably linked to the gene to be expressed. Thus, the Ptashne '892 patent teaches 
"expressing the expression plasmid of claim 50 in Escherichia coli." 

C. Goeddel U.S. Patent No. 5.460,81 1 ('811 patent) claims 1-6 are made obvious by the 
Taniguchi Preprint or the Taniguchi Gene paper in view of the Ptashne '892 patent. Anonymous 
Research Disclosure, and optionally with Fujisawa: 

99. I have reviewed the '8 1 1 patent (Tab V) and its claims (Tab KK) involved in the 
interference. Claim 1 recites: "A composition comprising water and a nonglycosylated 
polypeptide having the amino acid sequence of a mature human fibroblast interferon, said 
nonglycosylated polypeptide having a total of 165 or 166 amino acids and said composition 
being free of any glycosylated human fibroblast interferon." 

a. The Taniguchi Gene paper or Preprint disclose a cDNA that codes for the mature 
human fibroblast interferon having 166 amino acids, which amino acid sequence is disclosed. 
( See residues 1-166 in Tab LL at Fig. 2 and its legend, or in Tab MM at Fig. 1 and its legend.) 
The Ptashne '892 patent teaches how to express a gene to produce a native, functional, unfused 
protein by operably linking a lac promoter to a hybrid ribosomal binding site such that 
translation begins at the gene's ATG. ( See for example paragraphs 33, 46, 71, and 96.) The 
Ptashne '892 patent also teaches how to remove unnecessary base pairs, such as a leader 
sequence, so that the ATG is properly positioned with respect to the promoter and the Shine- 
Delgamo sequence (see paragraphs 44-46). Thus, in my opinion, one of ordinary skill in the art 
having the combined disclosures of the Taniguchi Gene paper or the Taniguchi Preprint and the 
Ptashne '892 patent would have been able as of May 19, 1980 (with the Taniguchi Gene paper) 
or as of April 8, 1980 (with the Taniguchi Preprint) to construct without undue experimentation 
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an expression construct that produces in bacteria a human fibroblast protein having 166 amino 
acids without presequence (i.e., a mature human fibroblast protein). 

b. A bacterial protein extract containing expressed human fibroblast interferon 
would necessarily contain water because cellular mixtures are not anhydrous. It is common 
knowledge that bacteria are water-based organisms. 

c. Further, it is a total certainty that an interferon produced in E. coli would be 
completely non-glycosylated. An interferon produced in E. coli is necessarily completely, 100% 
non-glycosylated because the only known bacterial strain that performs N-linked glycosylation is 
Campylobacter jejuni. For example, the paper "Glycosylation in Bacteria," Science . 298, 1675, 
1677 (2002), (Tab VV), states at 1677: "N-linked glycosylation is a common posttranslational 
modification of membrane and secretory proteins in eukaryotes. However, the only bacterium 
known to modify proteins in this way is Campylobacter jejuni, and thus many eukaryotic 
proteins generated in bacterial systems are of limited use because they lack appropriate 
modifications." 

d. In addition, the Fujisawa paper reports that non-glycosylated mouse L cell 

interferon is functional. The investigators used tunicamycin, a specific inhibitor of protein 

glycosylation, in order to completely or substantially remove carbohydrate modifications on 

interferon. As the authors state, these experiments were conducted to address the issue that prior 

experiments may not have completely removed the carbohydrates: 

Dispensability of at least part of the carbohydrate moiety for the antiviral activity 
was indicated by glycosidase treatment of human interferons (3). Molecular 
heterogeneity of some interferons appears to be due to variations in their 
carbohydrate moieties. Removal of the carbohydrate by treatment of interferon 
with glycosidases or periodate, or by inhibition of glycosylation during its 
biosynthesis, resulted in reduced charge heterogeneity, as well as in decreased 
molecular weights (3-5). But these methods may not completely remove the 
carbohydrate, or they may entail inactivation and some side effects on the 
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molecule. To clarify the role of the carbohydrate moiety of interferon, we have 
examined the effect of tunicamycin on production of mouse L cell interferon 
induced by Newcastle disease virus. This antibiotic specifically inhibits 
formation of the A^-acetyl-glucosamine-lipid intermediate involved in A'- 
glycosidic linking of core oligosaccharides to protein (6-8), and has been 
successfully used to inhibit glycosylation of various secretory and viral membrane 
proteins (9-14). ... In this communication, we report that inhibition of 
glycosylation by tunicamycin eliminates interferon molecules of normal size and 
forces molecules of a smaller size containing little or no sugar but with full 
antiviral activity to appear. 

(Tab PP at p. 8677, It. col., 2nd 1 to rt. col., 1st %) Elsewhere in the paper, the authors again 

emphasize that the use of tunicamycin results in some fractions where interferon was completely 

non-glycosylated, "It is concluded that the small interferon molecules (T) produced in the 

presence of tunicamycin contain little or no carbohydrate." (Id. at p. 8678, It. col., 3rd %) They 

conclude that "tunicamycin appears to be a useful agent, in its specificity and completeness of 

action, to produce nonglycosylated and fully active interferon molecules." (Id at p. 8678, It. 

coL, 3rd %.) Thus, in my opinion, one of ordinary skill in the art, having read the Fujisawa paper, 

would have found it likely that completely non-glycosylated human interferons would maintain 

anti-viral activity. 

100. With respect to the scope and content of the prior art regarding non-glycosylated 
interferons, I have also reviewed the following publications: 

Havell et al., "Suppression of Human Interferon Production by Inhibitors of 
Glycosylation," Virology, 63, pp. 475-483 (1975) (Tab WW; "Havell (1975)"); 

Bose et al., "Apparent Dispensability of the Carbohydrate Moiety of Human Interferon 
for Antiviral Activity," J. Biol. Chem., Vol. 251, No. 6, pp. 1659-1662 (1976) (Tab XX); and 

Havell et al., "Altered Molecular Species of Human Interferon Produced in the Presence 
of Inhibitors of Glycosylation," J. Biol. Chem., Vol. 252, No. 12, pp. 4425-4427 (1977) (Tab 
YY; "Havell (1977)"). 
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101 . The above-listed papers in paragraph 27 indicate that the carbohydrate 
modifications on interferons are likely not necessary for function. In fact, a similar statement 
was made in the Havell (1975) paper: "It remains to be explained why proper glycosylation may 
be required for the synthesis of biologically active interferon. Although it seems attractive to 
speculate that the carbohydrate portion is important in the interaction of interferon with a cellular 
receptor site on target cells, this interpretation appears unlikely in view of two findings: it was 
shown that rabbit interferon retains full biological activity after removal sialic acid (Schonne et 
al., 1970; Domer et al. 1973), and enzymatic removal of about 50% of total carbohydrate from a 
preparation of human interferon also failed to reduce biological activity (C.B. Anfinsen, personal 
communication)." (Tab WW at p. 482.) The Bose paper showed that removal of about 80% of 
sugar moieties on human interferons did not affect function. (Tab XX at Abstract.) As discussed 
above, the Fujisawa paper experiments were conducted to address the issue that prior 
experiments may not have completely removed the carbohydrates, so that they reported the 
"inhibition of glycosylation by tunicamycin eliminates interferon molecules of normal size and 
forces molecules of a smaller size containing little or no sugar but with full antiviral activitv to 
appear ." (Tab at p. 8677, rt. col., 1st %) Thus, one or ordinary skill as of March 19, 1980 
attempting to express interferon in bacteria had a basis to believe that a completely non- 
glycosylated interferon would maintain function. 

100. Claim 2 recites: "The composition of claim 1, said nonglycosylated polypeptide 
having the amino acid sequence [as shown in claim 2 of Tab KK; the mature human fibroblast 
interferon sequence, except that residue 1 can be H or Met]." I understand that claim 2 limits 
claim 1 by specifying the particular amino acid sequence. The Taniguchi Gene paper or Preprint 
discloses the amino acid sequence of claim 2 where residue 1 is Methionine, i.e., amino acid 
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residues 1-166 shown in Fig. 2 and Fig. 1, respectively. Given the Ptashne '892 patent and either 
the Taniguchi Gene paper or Preprint, one of ordinary skill in the art would know how to make a 
non-glycosylated polypeptide having the amino acid sequence of the mature human fibroblast 
interferon because: (1) the Ptashne '892 patent teaches a method for expressing a native protein 
by positioning its ATG downstream of a portable promoter, as part of a hybrid ribosomal binding 
site, (2) the Ptashne '892 patent teaches how to remove uimecessary base pairs of the gene to be 
expressed, and (3) the Taniguchi Gene paper and Preprint disclose where the leader sequence 
ends and where the ATG of the mature interferon begins. ( See paragraphs 33, 46, 56-57, 71, and 
96.) Thus, in order to express the mature interferon protein as disclosed by the Taniguchi 
disclosures and with the method of the Ptashne' 892 patent, one of ordinary skill would know to 
clone the cDNA of interferon into a plasmid and digest away at least the unnecessary ATG of the 
leader sequence, such that the mature interferon ATG is fused to the bacterial Shine-Delgarno 
sequence and positioned downstream of the lac promoter. 

101. Claim 3 recites: "The composition of claim 2, said nonglycosylated polypeptide 
having a formula molecular weight of about 20,027." I understand that claim 3 differs from 
claim 2 by specifying that the polypeptide has a molecular weight of 20,027. 

a. It would have been common knowledge in the prior art as of April 8, 1980"* (with 
respect to the Taniguchi Preprint) or as of May 19, 1980^ (with respect to the Taniguchi Gene 
paper) to predict that a polypeptide expressed in bacteria having the amino acid sequence of the 
mature human fibroblast protein would have a molecular weight of about 20 kilodaltons. 

■* I have been informed that the Taniguchi Preprint was distributed to the public in late March 1980, and received by 
individuals at least by April 8, 1980. 

^ I have been informed that the Taniguchi Gene paper was distributed to the public on May 19, 1980, and was 
received and indexed in a library at least by June 2, 1980. 
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Because proteins expressed in E. coli are necessarily unglycosylated, the molecular weight of the 

protein is based on the molecular weight of its amino acid composition. Well before 1980, it was 

common knowledge for one of ordinary skill to compute the molecular weight of a protein based 

on its primary amino acid sequence. Thus, a "nonglycosylated polypeptide having a formula 

molecular weight of about 20,027" is disclosed by the combination of the Taniguchi Gene paper 

or Preprint mature human fibroblast amino acid sequence (residues 1-166) in view of common 

knowledge of the prior art. 

b. Alternatively, a protein produced in bacteria from the cDNA coding for the 

mature human fibroblast interferon would necessarily have a molecular weight according to its 

amino acid composition. For example, the Taniguchi et al., Proc. Natl. Acad. Sci. USA , Vol. 77, 

No. 9, pp. 5230-5233 (Sept. 1980) (Tab ZZ) reported the bacterial expression of human 

fibroblast using the Ptashne lab method ("We applied the method of Guarente et al. ... [(1980) 

Cell 20, 543-553] to construct plasmids that direct expression in Escherichia coli of the human 

fibroblast interferon (F-IF) gene." (See Tab ZZ at Abstract)). The interferon produced had a 

molecular weight of about 20 kilodaltons: 

These plasmids bear a lac portable promoter abutted to the ATG encoding the 
amino-terminal methionine of pre-F-IF (pLG104R) and to the ATG encoding the 
amino-terminal methionine of F-IF (pLG117R). [....] When compared with 
pBR322, pLGl 17R and pLG104R each direct synthesis of one new protein of 
molecular weights approximately 20,000 and 23,000 respectively. These are the 
sizes expected for unglycosylated proteins with the primary sequences of F-IF and 
pre-F-IF as predicted from the DNA sequence of Taniguchi et al. (6) [i.e., the 
Taniguchi Gene paper]. 

(Tab ZZ at p. 5233, It. col, 1st f.) Thus, a "nonglycosylated polypeptide having a formula 
molecular weight of about 20,027" is necessarily disclosed by the production of a mature human 
fibroblast interferon protein in bacteria. 
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102. Claim 4 recites: "The composition of claim 1, 2 or 3, said composition being free 
of human proteins." This limitation is necessarily disclosed by the combined disclosure of the 
Taniguchi Gene paper or Preprint in view of the Ptashne '892 patent because proteins produced 
in bacteria are necessarily free of (other) human proteins. 

103. Claim 5 recites: "The composition of claim 1, 2 or 3, said composition containing 
a therapeutically effective amount of said nonglycosylated polypeptide and being suitable for 
parenteral administration." The Anonymous Research Disclosure implicitly discloses the claim 

5 limitations because the publication refers to the clinical application of human interferon: 

Since the discovery of interferon in 195?', a number of attempts have been made 
to demonstrate the effectiveness of the product in the clinic. Initially, interest 
focused around its use as an anti- viral compound but when it was realised that its 
antiviral action was not its only effect on cells interest turned to interferon as an 
anti-cancer agent. Material is now being used in clinical trials against both viral 
diseases^ and cancer"* and it is not inconceivable that it will also be used in the 
future as a modulator of the immune system^ eg in tissue graft situations. [....] The 
problem of shortage of human interferon for clinical studies is still the major 
drawback. [....] However, probably the best way to produce large quantities of 
interferon will be to introduce the gene(s) for interferon production into bacteria." 

(Tab D at 1st pg., 1st f to 2nd %.) 

a. Because the passage informs the reader that the "best way" to produce interferon 
is by bacterial production, the limitation "nonglycosylated" is inherently disclosed. The 
limitation of nonglycosylated interferon is also inherently disclosed by the combined disclosures 
of the Taniguchi Gene paper or Preprint and the Ptashne '892 patent, as the combined disclosures 
provide for the production of interferon in bacteria. 

b. Reading the above passage, one of ordinary skill in the art as of March 19, 1980 
would have known to look to the teachings from the publications cited in the phrase "clinical 
trials against both viral diseases^ and cancer"* in order to what a therapeutically effective amount 
of interferon might be for parenteral administration. The cited publication "3" is Greenberg et 
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al, "Effect of Human Leukocyte Interferon on Hepatitis B Virus Infection in Patients with 

Chronic Active Hepatitis," N. Engl. J. Med. . Vol. 295, No. 10, pp. 517-522 (Sept. 1976) (Tab B). 

The Abstract of this reference teaches a therapeutically effective amount of interferon for 

parenteral administration: 

Four patients with chronic hepatitis B infection and chronic active hepatitis were 
treated with human leukocyte interferon. Three of them had consistently elevated 
levels of circulating Dane-particle markers, including Dane-particle-associated 
DNA polymerase activity, hepatitis B core antigen and Dane-particle-associated 
DNA. Parenteral interferon administration at a dosage between 6.0 x 10^ and 17 x 
10^ U per kilogram per dav was associated with rapid and reproducible fall in all 
Dane-particle markers in the three patients. 

(Tab B at Abstract.) The passage explicitly recites "parenteral interferon administration," and it 
provides a dosage that was therapeutically effective as levels of "all Dane-particle markers" 
(which indicates a decrease in virus in the patient) fell in the patients. Although the interferon 
administered in the Greenberg reference was leukocyte interferon, one of ordinary skill in the art 
would have attempted the disclosed dosages for fibroblast interferon because it was well- 
established at the time that fibroblast interferon had antiviral capabilities. 

104. Claim 6 recites: "The composition of claim 4, said composition containing a 
therapeutically effective amount of said nonglycosylated polypeptide and being suitable for 
parenteral administration." I understand that claim 6 differs from claim 5 by having the 
additional limitation that the interferon to be administered is "free of human proteins." This 
limitation is necessarily disclosed by a teaching of interferon production in bacteria because any 
interferon purified from bacteria is necessarily free of (other) human proteins. The combined 
disclosures of the Taniguchi Gene paper or Preprint and the Ptashne '892 patent provide for the 
teaching of interferon production in bacteria, as does the Anonymous Research Disclosure 
passage discussed above in paragraph 103. 
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The Japanese Application 33931/80 is an Enabling Disclosure for a Cloned cDNA 
Consisting of the Mature Human Fibroblast Interferon Sequence and for Making the 
Mature Human Fibroblast Interferon in Bacteria 

1 05. I have reviewed the English translation of Japanese Patent Application No. 55- 
33931/80 filed on March 19, 1980 (Tab NN; hereafter referred to as the " '931 application"). 
Page 15 of this application lists the complete nucleotide sequence of the human fibroblast 
interferon cDNA and encoded amino acids. The complete protein sequence of human fibroblast 
interferon is also listed because the amino acid sequence contains the leader or presequence of 
interferon as well as the mature protein sequence. Although the sequence diagram itself does not 
annotate where the leader sequence ends and where the mature protein sequence begins, any 
person of skill in the art at the time would have immediately understood the location of the N- 
terminal start point of the mature interferon sequence. This location would have been 
immediately known to one of skill in the art because the application also refers to the Knight 
publication which discloses the first 13 amino acid residues that make up the N-terminal 
sequence of mature human interferon beta (Knight et al, "Human Fibroblast Interferon: Amino 
Acid Analysis and Amino Terminal Amino Acid Sequence," Science , vol. 207, pp. 525-526 
(1980)(Tab 00)). Figure 3 of the Knight article discloses the N-terminal 13 amino acids of the 
mature functional human fibroblast interferon protein. This would have been easily matched to 
the sequence shown on page 15 of the Japanese application. 

106. In particular, it would have been immediately clear to a person of ordinary skill in 

the art that the presequence consists of the first 21 amino acids because the Knight disclosure 

teaches that the mature sequence begins with the amino acid sequence Met-Ser-Tyr-Asn-Leu- 

Leu-Gly-Phe-Leu-Gln-Arg-Ser-Ser (see Tab OO at Fig. 3), which corresponds to amino acids 

22-34 listed at page 15 of the Japanese Patent Apphcation (see Tab NN at page 15). In fact, the 

Japanese Patent Application explicitly cites the Knight Science reference at page 16: "It is 
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important that in the sequence there exist without any errors the base sequence [three base pairs] 
corresponding to the amino acid sequence from the amino-terminal to the 13th amino acid of the 
human fibroblast interferon reported by Knight, et al. [Science vol. 207, p. 525-526, (1980)]." 
(See Tab NN at p. 16.) 

The Taniguchi Preprint is an Enabling Disclosure for a Cloned cDNA Consisting of the 
Mature Human Fibroblast Interferon Sequence and for Making the Mature Human 
Fibroblast Interferon in Bacteria 

1 07. As discussed herein, the Taniguchi Preprint contains the complete cDNA 
sequence of human fibroblast interferon, including demarcations of where the leader sequence 
begins and ends and where the coding sequence for the mature human fibroblast interferon 
protein begins and ends. Above, I have given my opinion that the Japanese Patent Application 
No. 55-33931/80, filed March 19, 1980, is an "enabling disclosure" for making a human 
fibroblast interferon protein in bacteria because the prior art as of March 19, 1980 provided 
detailed teachings (i.e., the Ptashne Lab papers) regarding how to make a protein in bacteria in 
its native, unfused form. Likewise, in my opinion, one of ordinary skill in the art, given the 
Taniguchi Preprint, would have been able to make a human fibroblast interferon protein in 
bacteria using only the teachings of the prior art. As discussed herein, the Ptashne lab papers as 
of March 19, 1980 provide explicit details and suggestions as how to make any eukaryotic 
protein in its native, functional, unfused form, in bacteria. 

1 08. I reserve the right to revise, supplement, and amend this declaration. 
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109. I hereby declare that all statements made herein of my own knowledge are true 
and that all statements made on information and belief are believed to be true; and further that 
these statements are made with the knowledge that willful false statements so made are 
punishable by fine or imprisonment or both under § 1001 of Title 18 of the United States Code 
and that such willful statements may jeopardize the validity or enforceability of any patent or 
patent application surviving this interference. 




THOMAS M. ROBERTS, PH.D. 
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j Abstract Four patients with chronic hepatitis B in- 
l fection and chronic active hepatitis were treated with 
: human leulcocyte interferon. Three of them had con- 
Isistently elevated levels of circulating Dane-particle 
[markers, including Dane-particle-assoclated DNA 
I polymerase activity, hepatitis B core antigen and 
I Dane-particle-associated DNA. Parenteral interferon 
Administration at a dosage between 6.0x103 and 
hz X 10* U per kilogram per day was associated with a 
rapid and reproducible fall in all Dane-particle marl<- 

CHRONIC infection with hepatitis B virus is 
manifested by persistence of hepatitis B surface 
antigen (HB, Ag) in the blood. In this country ap- 
proximately 10 per cent of patients hospitalized with 
acute hepatitis B become chronically infected.' Be- 
tween 0.05 and 0.5 per cent of blood donors in this 
country and as many as 5 to 15 per cent of the popu- 
lation in some underdeveloped countries have been 
shown to be HB^ Ag positive at any one time.^ It has 
been estimated that 100 million people in the world 
today are chronically infected with hepatitis B virus. 
Most chronic infections with this virus persist for 
many years,'-" and spontaneous resolution of the HBj 
Ag carrier state has been found to occur only infre- 
quently.' 

The medical importance of chronic infection with 
hepatitis B virus results from associated disease, such 
as chronic active hepatitis in infected patients and the 
hazard that such patients represent for spread of in- 
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ers in the three patients. The suppressive effect was 
transient when the interferon was given for 10 days or 
less but appeared to be more permanent when ad- 
ministration was prolonged for a month or more. In 
addition, long-term interferon therapy was associated 
with a marlted fall in hepatitis B surface antigen in two 
of three patients and a disappearance of e antigen in 
two of two patients. Interferon may be useful in limit- 
ing carrier infectivity or eradicating chronic infection. 
(N Engl J Med 295:517-522, 1976) 

fection to contacts. Chronic HB^ Ag carriers transmit 
infection by blood transfusion^ and by nontransfu- 
sion-associated routes.' '" The large number of chron- 
ic carriers worldwide and the common occurrence of 
neonatal transmission from mothers who are chronic 
carriers'-'" suggest that elimination of this virus from 
the population by vaccination is unlikely in the fore- 
seeable future. At present no form of therapy has been 
shown to affect the course of chronic hepatitis B virus 
infection. 

Interferon, a naturally occurring glycoprotein with 
a wide spectrum of in vitro and in vivo antiviral effects, 
has been evaluated as a treatment for several human 
viral infections.'* The studies described here evaluate 
the effect of exogenous human leukocyte interferon on 
chronic hepatitis B virus infection associated with 
chronic active hepatitis. 

Several forms of HBs Ag have been found m the 
blood. The most numerous are 20-nm spherical par- 
ticles and filamentous forms that are free of nucle- 
ic acid'^ and represent incomplete virus coat parti- 
cles. More complex, larger-diameter structures called 
Dane particles" contain HB^ Ag on their surface, a 
unique internal core antigen (HBt Ag),"* a DNA- 
dependent DNA polymerase'^''* and small, circular 
double-stranded DNA." Dane particles are thought 
to represent the complete hepatitis B virus. 

Patients with consistently high levels of Dane-par- 
ticle-associatcd DNA polymerase were chosen for this 
study to determine the effects of interferon on the 
specific Dane-particle markers (HB^ Ag, Dane-par- 
ticle DNA polymerase and Dane-particle DNA) as 
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well as on total HB5 Ag. e antigen has also been fol- 
lowed. It is distinct from HB^ Ag, but associated with 
hepatitis B virus infection and with maternal-infant 
transmission.'" 

Materials and Methods 

The four patients setected for study were HB, Ag carriers for 
more than six months, had persistently abnormal results on liver- 
function tests, and had liver biopsies consistent v/ith chronic active 
hepatitis. In addition, the first three patients were chosen because 
they had consistently elevated levels of Dane-particle-associated 
DNA polymerase in their serum. Informed consent was obtained 
from all subjects. 

Serum HE, Ag was measured by Ausrta II (Abbott Laboratories, 
Chicago, Illinois) and by complement fixation, using a guinea pig 
antiserum." Anti-HB, was measured by passive hemagglutina- 
tion." A solid-phase radioimmunoassay was used to detect serum 
hepatitis B core antigen (HB^ Ag).^'' Dane particles in 400 fil of sc- 
rum were pelleted through a 10/20/30 per cent discontinuous su- 
crose gradient in an SW 40 rotor X 200,000 g for four hours. Pel- 
leted Dane particles were disrupted with 0.5 per cent Nonidet P-40 
(Shell Chemicals Limited, London, England) and assayed for HE;, 
Ag activity, which was expressed as the ratio of counts per minute 
in the specimen to those found in a negative control. Anti-HB^ was 
measured by a microtiter adoption of the radioimmunoassay of 
Robinson.^' Dane-particle-associated DNA concentrations in se- 
rum were measured by a hybridization technic (Lutwick LI, Rob- 
inson WS: unpublished data). In brief, Dane particles in 1 to 2 ml of 
serum were pelleted through 10/20/30 per cent discontinuous su- 
crose gradient in an SW 40 rotor (X 200,000 g for four hours). The 
DNA in the pellet was isolated by digestion in 1 per cent sodium do- 
decyl sulfate and pronase (1 mg per" milliliter), followed by phenol 
extraction and alcohol precipitation. The amount of Dane-particle 
DNA was determined by measurement of its effect on the reassoci- 
ation half-time of a high-specific-activity" P-DNA made radioac- 
tive in a Dane-particle DNA polymerase reaction. A standard curve 
of reassociation half-time for known concentrations of Dane-parti- 
cle DNA was used to calculate the Dane-particle DNA concentra- 
tion in the unknovm specimen. Dane-particle-associated DNA po- 
lymerase activity, expressed as picomoles of deoxynucleotide tri- 
phosphate (dNTP) incorporated into an acid-insoluble form per 
hour per milliliter by the Dane particles pelleted from 200 or 400 ^il 
of serum, was measured by the method of Robinson.^' Polymerase 
activity was shown to be associated with the Dane particles by a 
specific immune precipitation test employing anti-HB, and anti- 
HBj containing serum^' or by the demonstration that the radiola- 
beled product of the DNA polymerase reaction had the same sedi- 
mentation coefficient as the product of a control Dane-particle 
DNA polymerase reaction." e antigen and antibody were mea- 
sured by gel diffusion. Control antigens and antibodies gave lines of 
identity with reagents kindly supplied by Dr. James Maynard 
(Center for Disease Control, Phoenix, Arizona). Serum specimens 
were concentrated approximately three-fold by ultrafiltration (Ami- 
con, Lexington, Massachusetts) before testing. Interferon was sup- 
plied by the Antivirals Substance Program of the National Institute 
of Allergy and Infectious Diseases. It was used in this study under 
an Investigational New Drug permit administered by the Bureau of 
Biologies of the United States Food and Drug Administration and 
was given subcutaneously once a day (except in Case 1, course A 
and B, when it was given every 12 hours by intramuscular injec- 
tion). The interferon was produced by Sendai-virus stimulation of 
human-blood buffy coats at the Red Cross Blood Transfusion Cen- 
ter in Helsinki, Finland, by Dr. Kari Cantell as described in detail 
elsewhere." The specific activity of this preparation was 5X10' 
units per milligram of protein. 

Serum interferon levels were measured in a plaque-inhibition as- 
say." Interferon unitage was expressed in terms of reference stan- 
dard 69/19 supplied by the National Institute of Allergy and Infec- 
tious Diseases, Bethesda, Maryland. Com plete blood counts, se- 
rum glutamic oxalacetic transaminase, serum glutamic pyruvic 
transaminase, alkaline phosphatase and bilirubin were measured 
weekly in the routine clinical chemistry laboratory. 



Results 



Subjects 

Twenty-five HBj Ag-positive patients with biopsy- 
documented chronic active hepatitis were tested for 
serum Dane-particle-associated DNA polymerase, 
and seven (28 per cent) had elevated levels. Three of 
these seven (Case 1, 21 years of age, Case 2, 32, and 
Case 3, 30) were treated with interferon. In addition, 
one patient (Case 4, 40 years of age) without detect- 
able DNA polymerase was given interferon. 

Abnormal liver function and HBj Ag were known 
to have been present for at least six months in all and 
as long as four years in Case 2. Histologic findings 
ranged from the earliest changes of chronic active hep- 
atitis (Case 1) to well established cirrhosis (Case 2). 
Erosion of the limiting plate ("piecemeal necrosis") 
was mild to moderate in all patients. Two patients 
had been treated with prednisone before the trial 
(Cases 2 and 3); one (Case 2) remained on 30 mg of 
prednisone daily during the study period. All patients 
were asymptomatic at the time of study, and none had 
ever had signs or symptoms of severe hepatic decom- 
pensation. 

Virologic Measurements 

In Cases 1, 2 and 3, Dane-particle-associated DNA 
polymerase levels were relatively constant over the 
two months before study (Fig. 1-3). Four additional 
chronically infected patients with elevated polymerase 
levels had four polymerase determinations over a pe- 
riod of three to 12 months. In these patients, the stan- 
dard deviation varied less than 20 per cent of the 
mean. 

Parenteral interferon given in a dosage range be- 
tween 17 X 10* and 6.0 X 10' U per kilogram per day 
was associated with an immediate and reproducible 
fall in DNA polymerase levels. In Case 1 (Fig. 1), 
three successive courses of interferon were all as- 
sociated with a 10-fold or greater decrease in poly- 
merase levels. In Case 2 (Fig. 2), interferon dosage 
was gradually increased until, at a level of 6.0 X 10' U 
per kilogram per day, the polymerase level fell con- 
siderably. In Case 3 (Fig. 3), an intermediate dose of 
1.2 X 10'' U per kilogram per day also led to a prompt 
fall in polymerase activity. Comparison of the reduc- 
tion in polymerase level produced in Case 3 to that 
observed in Case 1 (courses A and B) suggests that the 
higher dosages had a more complete effect. Case 4 
(not included in the figures), who had no detectable 
polymerase before interferon therapy, remained poly- 
merase negative throughout a one-month course of 
drug given at a dosage of 7. 5 X 10' U per kilogram per 
day. Human leukocyte interferon was added to poly- 
merase-containing serum in vitro at concentrations of 
1000 and 500 units per milliliter. No effect on poly- 
merase activity was observed when such a mixture 
was incubated at 37°C for two hours and room tem- 
perature overnight. 
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Figure 1. Effect of Three Separate Courses (A, B and C-H) of Human Leukocyte Interferon on Dane-Particfe-Associated DNA 
Polymerase, HBj Ag {by Complement Fixation) and HBt Ag (by Radioimmunoassay) in Case 1, 

t denotes mean and 2 standard deviations of a minimum of four separate values in serum samples obtained at regular inter- 
vals during the tw/o months before study. Letters A through H denote individual interferon treatment courses at specific dos- 
ages with the units of interferon per kilogram per day x 10" as shown. 



Interferon, when given for 10 days or less at a dos- 
age range betwreen 17 X lO* (Case I, Fig. 1), and 
1 .2 X 10"* U per kilogram per day (Case 3, Fig. 3), was 
associated with only a transient fall in polymerase. 
When therapy was stopped, polymerase values 
promptly rose toward pretreatment levels. More pro- 
longed therapy (Fig. 1 and 2) at dosages of >6.0 
X 10' U per kilogram per day appeared to suppress 
polymerase activity more permanently. Cases 1 and 2 
continued to have depressed or negative polymerase 
values for nine weeks and 15 weeks respectively after 
the termination of therapy. 

Other Dane-particle markers, including HBt Ag 
and Dane-particle-associated DNA, appear to be sim- 
ilarly affected. In Case 1 (Fig. 1), HBc Ag fell on- 
ly slightly and transiently during courses A and B, 
but became undetectable during more prolonged 
treatment (courses C to H). Mixing of equal volumes 
of serum from course E (no detectable HB^, Ag) with 
precourse A serum (HB^. Ag ratio 41) did not alter 
HB^ Ag titer, implying that a serum inhibitor (anti- 
HB^) was not responsible for the change in titer. In 
Case 2 (Fig. 2), a concurrent fall of HB^. Ag and 
polymerase was observed. Again, in these two sub- 
jects, after prolonged interferon therapy, HBt Ag 



remained down. Case 3 (Fig. 3), who was treated for 
eight days, showed only a transient fall in his HB^. Ag. 
Case 4 had no detectable HBc Ag throughout the 
study. Interferon affected Dane-particle-associated 
DNA in the same fashion as DNA polymerase activi- 
ty (Cases 1, 2 and 3, Table 1). 

The effect of interferon therapy on HB^ Ag, a viral 
protein not exclusively associated with Dane particles, 
appeared to be more variable. In no case did it appear 
that short-term interferon (Cases 1 and 3, Fig. 1 and 
3) had a measureable effect on HBj Ag levels. Of the 
three patients treated for a month or longer (Cases 1, 
2 and 4, Fig. 1 and 2), only Cases 1 and 2 had note- 
worthy falls in HBjj Ag level. In Case 1, who received 
the highest doses of interferon, HBj Ag fell 16-fold, 
from a complement-fixation titer of 1:128 to 1 :8, Case 
2 had a reproducible four-fold fall in Ag and Case 
4 (not shown) had a constant Ag titer of 1:32 
throughout the study. 

e antigen, a hepatitis- B-associated, soluble antigen 
in the blood, was studied in the four patients. Short- 
term interferon therapy (Cases 1 and 3, Table 1) did 
not appear to affect this antigen. Prolonged interfer- 
on dosing (Cases 1 and 2, Table 1) was associated 
with a disappearance or a diminution of e antigen. 
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Figure 2. Effect of Three Separate Courses (A, B and C) of Hu- 
man Leukocyte Interferon on Dane-Particle-Associated DNA 

Poiymerase, HB, Ag and HBc Ag in Case 2. 
i denotes mean and 2 standard deviations of a minimum of 
four separate values in serum samples obtained at regular in- 
tervals during the hwo months before study. Letters A 
through C denote individual interferon treatment courses at 
specific dosages with the units of interferon per kilogram per 
day X 103 ag shown. 




Figure 3. Effect of One Course (A) of Human Leukocyte Inter- 
feron on Dane-Parti cle-Associated DNA Polymerase, HB^ 

Ag and HB^ Ag in Case 3. 
i denotes mean and 2 standard deviations of a minimum of 
four separate values in serum sampi9s obtained at regular in- 
tervals during the two months before study. Letter A refers to 
a single interferon course. 



Case 4 had no detectable antigen but was anti-e 
positive. 

Immunologic Measurements 

All patients were HB^ Ag positive throughout the 
study, and in no case was anti-HBg detectable with 
use of a sensitive hemagglutination assay (Table 1). 
All chronic carriers have high levels of anti-H^.,^' 
This observation also held true in the four patients 
treated with interferon. Anti-H^, titer did not ap- 
pear to be consistently affected by therapy (Table 1). 
Anti-e was not detectable in Cases 1, 2 and 3 and did 
not appear to be affected by interferon in Case 4. 



Table 1. Effect of Interferon on Various Vtrologic and Immu- 
nologic Indexes of Hepatitis B Virus (HBV) Infection. 
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*Not detemiined. 



Liver Function and Toxicity 

Interferon therapy was well tolerated in all patients. 
In Case 1 low-grade fever (temperature of 38.5°C) 
and mild maiaise developed during courses A and B 
(17 and 8.5 X 10* U per kilogram per day). At the 
lower dosage levels, Case 1 as well as Gases 2, 3 and 4 
had no observable symptoms. Whether interferon af- 
fects liver-function tests is not certain. Case 1, who 
had had relatively stable transaminases before study 
(Table 2), showed a rise and fall in both transami- 
nases over a period of two weeks during course C. 
Case 2, whose liver-function tests had been highly var- 
iable before therapy, also had a transient elevation in 
transaminases during course C (Table 2). Cases 3 and 
4 had no definite changes observed. Bihrubin and al- 
kaline phosphatase remained within normal limits in 
three patients throughout the study. In Case 2, bili- 
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Table 2. Effect of Interferon on Hepatic and Hematologic 
Function, with Serum Interferon Levels. 



StaG£ 

OF Study 



Case 1-. 



Sekum 
Aspartate 
Amino- 
transaminase* 
U/Ml 



White-Cell Count 



Peak Serum 
Interferon 
Level 
U/Ml 



Before 


47 - 70(50)' 


8,100-9,400(8,500)' 


<10 


interferon 








course: 








A 


41-69(51) 


3,400-4,000(3,900) 


1,250 


B 


41-47(43) 


3,500 - 4,800(4,400) 




C 


130 - 294(218) 




Tin 


r\ 
U 


1 1 ? - i X^^^f 


4,900 - 5,600 (5,200) 


89 




7S- iSQ nrt7\ 


5,300 - 7,700 (6,400) 


50 


p 


52 • 74 (63) 


6,000 - 7,100(6,600} 


23 


G 


J J - JZ 




16 


H 


31 -35(33) 


8,100 




Case 2: 








Before 


293 - 1790 (896)' 


10,300- 14,300 (12,70O)t 


<10 


interferon 








course: 








A 


117-239(218) 


10,300- 13,300(11,800) 


10 


B 


251 


9,800 


23 


C 


463-576(50) 


8,600-10,400(9,200) 


50 


Case 3: 








Before 


51 -59(55)' 


4,300-5,800(5,100)1 


<10 


interferon 








course: 








A 


87-93(90) 


3,200-3,700(3,500) 


47 


Case 4: 








Before 


25-43(44)t 


4,900-7,200(6,100)' 


<io 


interferon 








course: 








A 


33-46(40) 


4,100-5,100(4,800) 


45 



*Narnial value <15. 

tRange, with mean of >4 d<nerniinatioDs over previous 2 iiso in parentheses. 
fRange, with mean of >2 determinations over previous 1-2 mo in parentheses 



rubin and alkaline phosphatase remained approxi- 
mately 1.2 to 1.5 times normal throughout the study. 

The effect of interferon on the hematologic system 
was more obvious. All four patients showed a tran- 
sient depression in white-cell count (Table 2) as well 
as platelets and reticulocyte counts (not shown) dur- 
ing therapy. The effect was noticeable when peak se- 
rum interferon levels were in the range of 50 units per 
milliliter or higher. This finding corresponded to a 
dosage level of approximately 1 X 10'' U per kilogram 
per day. The effect appears to be dose related (Table 
2) and drug dependent in that all hematologic mea- 
surements promptly reverted to normal when inter- 
feron was stopped. Platelet counts fell to a low of 
80,000 in Case 4 and not below 100,000 in the others. 
Hematocrits did not change during therapy. 

Discussion 

On five separate occasions in three patients, the 
parenteral administration of human leukocyte inter- 
feron was associated with a rapid fall in Dane-parti- 
cle DNA polymerase activity. This effect was demon- 
strable over a dosage range between 6.0 X 10^ and 
n X 10* U per kilogram per day and was seen in pa- 
tients with both early and advanced liver disease. In 
individual patients, polymerase values tended to be 



constant over time. Thus, it seems highly unlikely that 
the reductions seen in this study occurred spontane- 
ously. The falls in polymerase activity were accompa- 
nied by decreases in HBt Ag as well as in Dane-parti- 
cle-associated DNA. DNA polymerase, HBi- Ag and 
DNA are all constituents of the Dane particle, the pu- 
tative complete hepatitis B viron.'^ The concentra- 
tions of these constituents as measured in this study 
are considered to reflect accurately the concentration 
of Dane particles in the serum. Interferon appears to 
be exerting a suppressive effect on the production of 
Dane particles. At what stage of Dane-particle pro- 
duction this effect occurs is not known; however, the 
effect on the Dane particles appears to be more regu- 
lar and reproducible than that on the total HB^ Ag. 

The effect of interferon on HBs Ag production is not 
as striking. Short-terra dosing did not affect surface- 
antigen titer in any of the patients. Treatment for one 
month or more was associated with a marked HB^ Ag 
fall in one of three patients and a lesser decrease in an- 
other. In Case 1, with the greatest response, interfer- 
on dosage was considerably higher, and treatment 
was continued longer than in the other patients 
(Cases 2, 3 and 4). Only a small fraction of the total 
circulating HBj Ag is present in Dane particles; the 
great majority circulates freely as either 22-nm 
spheres or filamentous forms. It is therefore not sur- 
prising that a profound change in Dane-particle con- 
centration is not reflected in a change in HB^ Ag titer. 

Immunofluorescent studies of infected hepatocytes 
have shown several patterns of hepatitis B antigen 
staining, including HB^ Ag in the cytoplasm and HBt 
Ag in the nucleus, only cytoplasmic HB^ Ag and, less 
frequently, only nuclear HBc Ag staining.'*'" It is in- 
teresting to speculate that the interferon effect at the 
dosage ranges used in this study is greater on the cells 
producing HB^ Ag — i.e., the cells probably making 
complete virus. Cells making only excess surface an- 
tigen may be affected less. 

In Cases 1 and 2, the suppressive effect of prolonged 
interferon therapy persisted well beyond the adminis- 
tration period. At present the duration and implica- 
tions of this change are unknown. 

Although the mechanism of the antiviral effect of in- 
terferon has been closely studied in a number of in 
vivo and in vitro systems,^' there is at the moment no 
exact explanation for the effects produced in the hep- 
atitis B virus infection. In addition to antiviral prop- 
erties, interferon has recently been shown to modu- 
late both humoral and cellular immunity." Whether 
the effect of interferon on the hepatitis virus is direct- 
ly antiviral or immune mediated or a combination of 
both remains to be elucidated. 

In the present studies no definite effect on liver dis- 
ease was observed. In the light of the variable progres- 
sion of chronic active hepatitis, the small numbers of 
patients studied and the short duration of observa- 
tions, the lack of definitive change in hepatic function 
is not surprising. Only after an optimal viral-suppres- 
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stve regimen is defined and a controlled double-blind 
study undertaken will it be possible to evaluate the 
therapeutic efficacy of interferon in the treatment of 
hepatitis- B-virus-associated liver disease. Mild re- 
versible hematopoietic suppression was observed 
when peak serum levels reached approximately 50 U 
per milliliter. This effect has also been seen recently in 
patients with herpesvirus infections or neoplasia (or 
both) being treated with high-dose interferon (Meri- 
gan TC: unpublished data). It is not clear whether the 
suppression is an intrinsic property of interferon or 
caused by a contaminating protein. The suppression 
effect appears to be readily reversible when interfer- 
on is stopped and has not been a clinical problem 
at the dosage level active against the hepatitis B 
virus. 

There is no direct evidence that the Dane particle is 
the infectious agent of hepatitis B. Indirect evidence 
supporting this conclusion includes the size and ap- 
pearance of the particle/' the presence of a small dou- 
ble-stranded circular DNA in the core of the parti- 
cle,'' the demonstration that Dane-particle DNA wiW 
only hybridize with DNA from infected livers (Lut- 
wick LI, Robinson WS: unpublished data) and the re- 
action of virus neutralizing antibody (anti-HB^) 
with the surface of the Dane particle.^' A recent report 
by Okada et al.'* has shown a close association be- 
tween Dane particles, circulating HEt Ag, e antigen 
and chronic carrier mothers who transmit hepatitis B 
virus to neonates. The suppressive effect of interferon 
on a number of Dane-particle markers, including 
DNA polymerase, specific Dane-particle-associated 
DNA and circulating HB<- Ag, as well as its apparent 
effect on e antigen, suggests that interferon therapy 
might have lowered the infectivity in the blood of the 
treated patients. Chimpanzee transmission studies 
with serum obtained before and after interferon ther- 
apy could directly test this idea. 

We are indebted to Ms. Janet Kahle and Barbara Hofmeister for 
technical assistance and to Drs. Michael Knauer and William 
Targgart for patient referrals. 
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Interferons and Cancer' 



Although interferons were discovered in 1957 (1), we 
do not yet fully understand their production, mecha- 
nism of action, biologic role, or therapeutic potential. 
Originally described as antiviral agents, interferons 
have other activities which include regulation of cell 
growth (2) and regulation of the immune response (3). 
Several recent findings have made interferons of cur- 
rent special interest to oncologists. Through the persist- 
ent effort of Dr. Kari Cantell, Central Public Health 
Laboratory, Helsinki, Finland, an amount of human 
leukocyte interferon sufficient for meaningful clinical 
studies of the effects of interferon on a few diseases has 
finally become available. Employing this interferon, a 
group at Stanford University, Stanford, California, un- 
der the direction of Dr. Thomas Merigan, has obtained 
evidence suggesting that human interferon may be 
useful in the treatment of chronic hepatitis B virus 
infection {4} and has found that interferon treatment of 
herpes zoster complicating leukemias and lymphomas 
has led to more rapid resolution of lesions and preven- 
tion of systemic effects (5). In addition, preliminary 
results from the laboratory of Dr. Hans Strander (Ka- 
rolinska Institutet, Stockholm, Sweden), who has been 
treating 28 osteogenic sarcoma patients with Cantell's 
human interferon, suggest that the group receiving 
interferon has a lower rate of metastasis than does a 
concurrent control group (6). Strander's studies, al- 
though not yet involving sufficient numbers of patients 
to be highly significant, appear to warrant serious 
consideration of human interferon as an antitumor 
agent; animal studies supply strong evidence that in 
some situations interferons are effective in inhibiting 
tumor growth (7). 

Interferons are proteins. Their production by animal 
cells can be induced by various substances (/), and they 
m turn inhibit a wide spectrum of RNA and DNA 
viruses by inducing an antiviral state. However, inter- 
ferons are generally animal species-specific in their 
range of antiviral activity; only human interferons have 
oeen shown to be effective in treatment of human cells, 
although it is certainly possible that some animal inter- 
terons will prove active. 

'NTERFERON PRODUCTION 

Interferon production is an induced activity. Under 
"ormal conditions animals produce interferons as one 
a series of responses to virus infections, and interfer- 



ons seem to be important in recovery from some pri- 
mary virus infections (7). Lymphocyte interferons are 
lyraphokines, inasmuch as their production may be 
induced by exposing macrophages and T-lymphocytes 
to mitogens or antigens (8). Interferons may also be 
induced in tissue cultures by double-stranded RNA 
forms such as polyriboinosinic-polyribocytidylic acid 
(poly T poly C) and in animals by, for example, various 
intracellular parasites (bacteria, metazoa, protozoa), 
polymers, endotoxins, or double-stranded RNA forms 
(9). 

When exposed to an interferon inducer, cells in 
culture make an interferon messenger RNA, which may 
be translated in cell-free systems or in frog oocytes (10, 
11). The amount of interferon produced by cells is 
proportional to the amount of interferon messenger 
RNA induced {12). The amount of messenger RNA 
may be increased by a superinduction procedure which 
involves treatment of cells with inhibitors of RNA and 
protein synthesis, after exposure to an inducer but 
before collection of interferon begins {13). The super- 
induction procedure appears to prolong the half-life of 
the interferon messenger RNA {12). The production of 
interferon presents the cell biologist with an interesting 
induction system in which negative feedback controls 
operate and an easily characterized protein is made. 

ANTIVIRAL ACTIVITY OF INTERFERONS 

Although the mechanism of action of interferon is 
not yet known, it seems to be the result of a complex 
series of events {14). Interferons bind on the cell surface 
to a specific receptor which seems to contain both 
ganglioside and peptide components [{15); Kohn LD: 



Abbreviation used: MuLV = murine leukemia virus. 



'Laboratory of Experimental Pathology, National Institute of Ar- 
thritis, Metabolism, and Digestive Diseases, National Institutes of 
Health, Public Health Service, U.S. Department of Health, Educa- 
tion, and Welfare, Bethesda, Md. 20014. 

* Received January 17, 1978. 

Editor's note: Periodically, the Journal publishes solicited guest edito- 
rials as a means of transmitting to investigators in cancer research the 
essence of current work in a special field of study. The Board of 
Editors welcomes suggestions for future editorials that succinctly 
summarize current work toward a clearly defined hypothesis regard- 
ing the causes or cure of cancer. 
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Unpublished data]. Binding of interferon to a cell 
surface receptor does not necessarily result in the devel- 
opment of antiviral activity, but in sensitive cells, i.e., 
those with the proper effector apparatus, binding 
causes chemical, morphologic, physical, and immuno- 
logic alterations in the plasma membranes {16-18). 
These alterations, possibly through a mechanism involv- 
ing cyclic AMP (19, 20), seem to result in the production 
of an enzyme precursor which when activated can 
produce an intracellular antiviral substance {21). This 
enzyme is a protein, the production of which probably 
requires the synthesis of a new species of messenger 
RNA (22). 

After an interferon-treated cell is infected with a 
virus, the production of a viral product, most likely a 
double-stranded form of viral RNA, seems to trigger 
the activation of the enzyme precursor {23, 24). The 
activation may involve phosphorylation of the precursor 
by a kinase also activated by a viral double-stranded 
RNA. The antiviral substance formed in cell-free ex- 
tracts is a recently described adenosine oligomer with 
an unusual 2', 5' linkage (Kerr IM, Ball LA: Personal 
communication). This antiviral substance may inhibit 
virus replication by several mechanisms, which possibly 
include inhibition of virus-directed transcription, or 
translation, or ribonucleolytic cleavage of viral messen- 
ger RNA. 

SITE OF ANTITUMOR ACTIVITY OF INTERFERONS 

Several hypotheses have been advanced to attempt to 
explain a putative antitumor activity of interferon. 
These include inhibition of tumor virus replication and 
cell transformation by virus and inhibition of tumor 
growth, directly or indirectly, through primary effects 
on the immune system. 

Interferon was thought to inhibit tumor viruses 
through the same mechanism as that involved in the 
inhibition of other viruses (14). For the inhibition of 
both the DNA and RNA tumor viruses studied most 
completely, however, the mechanism of interferon ac- 
tion seems to have unusual features. For simian virus 
40, the accumulation of early viral messenger RNA is 
inhibited (25), whereas in the best studied of other 
systems, early viral messenger RNA is not reduced by 
interferon treatment (26). Even more surprising were 
the findings on interferon inhibition of MuLV replica- 
tion, a system in which interferon treatment does not 
seem to inhibit MuLV-directed protein or RNA synthe- 
sis (27, 28). Instead, defective virus with markedly 
reduced infectivity is synthesized (29-31). In some sys- 
tems, the MuLV produced in interferon-treated cells is 
so defective that it cannot bud from the cell surface (32, 
33). At least two abnormalities have been found in the 
defective MuLV released from interferon-treated cells: 
a large glycoprotein, possibly a precursor to the viral 
gp69/71 in the viral membrane (34), and a defective p30 
reverse transcriptase complex with decreased enzyme 
activity (Bandyopadhyay AK: Personal communication). 

Whatever the mechanism, however, interferon treat- 



ment results in a marked decrease in the production of 
infectious virus and in cell transformation by virus (35). 
Interferon may thus prevent virus recruitment of new 
cells into the transformed state, which may explain the 
repeated observations in many systems that interferon 
treatment inhibits induction of tumors in mice by onco- 
genic viruses (2). Interferon treatment also inhibits the 
growth of established virus-induced mouse neoplasms 
and has been successfully employed to inhibit trans- 
plantable tumors and chemically induced neoplasms in 
mice (2). Less success was usually attained in the treat- 
ment of solid transplantable tumors than in treatment 
of ascites tumors; however, interferon treatment in- 
hibited the development of both the subcutaneous nod- 
ules of Lewis lung carcinoma at the site of transplanta- 
tion and the development of pulmonary metastases 
from the transplant (36). Interferon administration 
reduced the incidence of fibrosarcomas and lung ade- 
nomas induced in CFi mice by 3-methylchoIanthrene 
(37). These transplantable or induced tumors are not 
obviously due to viruses. Their inhibition by interferon 
suggested that interferon treatment might have a direct 
effect on tumor growth. 

The inhibition of growth of tumors which apparently 
are not virus induced gave rise to speculation that 
interferon might be a growth control regulator and that 
the effects on tumors are caused by rapid tumor growth. 
If interferon does regulate the growth of cells, inter- 
feron treatment should show some effects on normal 
(non tumor) cells. In some studies, this has proved to be 
so, and in vitro interferon inhibited cell DNA synthesis 
and replication (38). Interferon treatment inhibited the 
regeneration of the liver in partial hepatectomized mice 
(39). Newborn C3H or Swiss mice treated with high 
concentrations of partially purified interferon exhibited 
weight loss and diffuse hepatic cell degeneration (40). 
Similarly, in a newborn child treated with human inter- 
feron for congenital cytomegalovirus infection, signifi- 
cant weight loss was recorded before the therapy was 
halted (^i). 

A third possible site for interferon-induced inhibition 
of tumor growth is the immune system. In both in vivo 
and in vitro studies, interferon treatment inhibited the 
antibody response (42). This effect of interferon was 
dose-dependent and could not be separated from the 
antiviral activity of the interferon preparations. Inter- 
feron also inhibited cellular immune responses and 
delayed-type hypersensitivity (43). Similar studies also 
showed an inhibition by interferon treatment of in vitro 
mitogen-stimulated DNA synthesis by T-lymphocytes 
(44). In mice, interferon treatment inhibited the re- 
sponse to allografts (45), sensitization to picryl chloride 
(43), and the delayed-type hypersensitivity response to 
sheep red blood cells (46). 

Possibly related to studies on the immune system was 
the finding that interferon treatment inhibited phago- 
cytosis (47) in mice and caused several specific altera- 
tions in the surfaces of lymphocytes. Interferon-treated 
lymphocytes had an increased capacity to absorb allo- 
antisera (17) and an enhanced expression of surface 
H-1 antigens (48). 
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Thus interferon treatment might inhibit tumor 

1 growth in several ways through primary effects on the 

1 immune system. Alterations induced by interferon in 

j the plasma membranes of lymphocytes might be respon- 

f sible for an increased cytotoxicity. Interferon treatment 

I could also alter the surfaces of tumor cells (as it does in 
lymphocytes and L1210 cells) to increase the expression 

[ of tumor-specific transplantation antigens. The in- 

I creased phagocytosis induced by interferon treatment 

j could have a role in the inhibition of tumor growth by 

^ causing rapid destruction and elimination of tumor 

I cells. Finally, the inhibitory effects on antibody produc- 

I tion could cause a decreased level of tumor-protective 

i (blocking) antibodies, thus permitting the immune sys- 

I tern to deal more effectively with tumors. 

J ATTEMPT AT A UNITARY HYPOTHESIS TO 
EXPLAIN THE VARIOUS ANTITUMOR EFFECTS 
OF INTERFERON 

I' Many diverse effects of interferon treatment have 
been discussed so far. These include inhibition of viral 
RNA and protein synthesis, formation of defective virus 
5 particles, inhibition of normal and tumor cell growth, 
and inhibition of various aspects of the immune re- 
sponse. Can all of these activities be explained by 
. interferon action at a single site? This is a difficult 
synthesis, but it is possible that changes induced by 
interferon on the plasma membranes of cells might be 
common initial sites of action. Antiviral action seems to 
be started by the binding of interferon to plasma mem- 
brane receptor sites and then, in sensitive cells, its 
affecting activation sites. These steps appear to cause 
several alterations in the plasma membrane. For RNA 
tumor viruses, the interferon-induced alterations in the 
plasma membrane could be responsible, at least in part, 
for the structural defects in virus produced by these 
cells. For other viruses, the early events (binding and 
* activation) may be responsible for the intracellular activ- 
ities that later lead to the inhibition of virus growth. 

Alterations in the plasma membrane could also help 
to explain interferon's inhibitory action on normal and 
tumor cell growth . The phenomenon of contact inhibi- 
tion of growth would suggest that events at the cell 
i surface are important in determining the replication 
rate of cells. Interferon-induced changes in the plasma 
membrane could signal a cutback in the growth rate of 
malignant cells. 

Finally, many of the effects of interferon on the 
immune system could be related directly to effects on 
the plasma membrane. Certainly, as discussed above, 
most of the effects on the immune system which may be 
related to the antitumor activity of interferons are 
membrane-associated events. These include increased 
phagocytosis, an increase in expression of transplanta- 
tion antigens, and an increase in cytotoxicity of inter- 
feron-treated lymphocytes. Therefore, although it is a 
i Very speculative hypothesis, the actions of interferons 
'^ay be due to a primary effect on the plasma mem- 
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WHAT CAN BE DONE? 

In spite of the promise of the investigations outlined 
above , the number of researchers in the field of inter- 
feron studies is small, and support for basic research 
has been modest. There are several reasons for this 
situation. Because of its great specific activity (one unit 
has been recently estimated to be less than 10~' mg of 
protein), interferons have been difficult to obtain in 
large enough quantities for purification or for a signifi- 
cant number of clinical studies. In addition, assays for 
interferon are biologic, based on the ability of a prepa- 
ration to inhibit virus replication; they are time-consum- 
ing and relatively inaccurate. Finally, in any one species 
several substances appear to have the general properties 
of interferons. For example, human white cell inter- 
feron preparations contain several molecular species of 
interferon {49). Interferon produced in human diploid 
cells has one component that antigenically resembles 
one of the interferons from white cells. Human T- 
lymphocytes, stimulated by mitogens or antigens, pro- 
duce yet another distinct species of interferon. Al- 
though all of these interferons induce antiviral activity, 
it is not clear that they act in the same way. 

It is no great wonder, then, that many editors and 
peer review groups are unenthusiastic about interferon 
research. Only because interferon had promise as an 
antiviral agent was it fortuitously included among the 
drugs to be studied by the Antiviral Substances Program 
of the National Institute of Allergy and Infectious 
Diseases, Bethesda, Maryland. For several years, under 
the excellent supervision of Dr. George Galasso, this 
program was probably the greatest source of funds for 
interferon research in this country. In many areas of 
interferon research, the Antiviral Substances Program 
was responsible for keeping up some momentum at a 
time when progress would otherwise have been stalled. 
At present, however, I believe that the exciting research 
leads on the molecular biology of interferon production 
and action, together with the preliminary data, dis- 
cussed above, on the clinical uses of human interferon, 
should stimulate cancer researchers with a wide range 
of interests to consider doing studies in these areas. 
Also, large-scale bioengineering techniques should be 
used in the attempt to deal with the problems of 
interferon production and purification . 

Such efforts may lead to solutions of basic problems 
in the understanding of biologic controls of animal cells. 
In addition, the leads that Gresser (2) and Strander {6) 
have put forth inay be confirmed, and interferon could 
prove to be useful in the therapy of cancer. 
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The production of IntBrfBron hy 'aanatic enBineerIng' 

Since ths discovery of interferon in I957«. 2 number of attempts 
have been made to demonstrate the effectiveness of the product 
in the cih»ic». Initially interest focussed around its use as an anti- 
viral compound but wheri it was real&ed that .its antiviral action 
was not its only effect oh cells interest turned to inteWeron as an 
anti-cancer agent. Material is now being used in clinical trials 
against both viral diseases' and cancer* and it k not inconceivable 
that it vifUl alsa be used in the future as a modulator of the immune 
system' eg in.tissuegraft situations. 

Interferon is a small palypeptide wjiich is produced by cells 
in response to various inducers'. "Ilie activity of interferon is 
highly species specific' and hence only material produced from 
human celb (or nionkey i^ls) in culture can be used for clinical 
studies. Human Interferon is usually produced from either 
leukocytes* or from libroUast cdls? Up to now, ciinleal studies 
have enjployed hjiihan leu^tocyteintwferon. One cdl isable to 
make only minute quantities of interferon so large quantities of 
human cells are needed foeproductibn. The problem of sitortage 
of human interferon fair clinical studfes is still the nutjor drawback. 
It is for this reason that some peapU liave turned their attentfon to 
a line of transformed human ^rapKblastoid cells' '. These cells can 
be grown in very large numbers and hence larger quantities of . 
interferon can be produced. However, probably ttie b«t way to 
producelarge quantities of intedreron^lt ^Je^o intlOdHce^the ge^^ 
for interferon production into bacteria' '. tills technique has already 
been demonstrated with other niammalian genes eg somatostatin", 
insulin", ovalbumin'* dihydrofolate reductase' ' and hepatitis 
antigen". 

Since almost all eukaryotic genes examined to date contain 
interruptions (introns) within their coding sequences' '.one problem 
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is to isolate the gene sequence free of these tntrons. This has Been 
done either by making a reverae transcript of the messenger RNA' • 
or by making a diemically synthesised copy of the gene' It fa 
possfljte to consider both these options for human interferon. 

"The existence of interfwon mRNA was first demonstiated 
by De Maeyer-Guignard et aP' who used a heterologous cell system 
formRN A. translation. Since then interferon mRNA has been 
translated in a variety of cell-free translation systems' ' and in 
oocytes from Xenopuslaevls' \ Purification methods for mRNA 
are well documented and include sudj techniques as olipj(dT}- 
ceBulose (or poly U-sepharose) ciiiomatoeraphy' ftactionation 
by sucrose gradient sedimentation' ' and immunopredpitation 
of polysomes' Considering this latter possibility, one ^e- 
requisite for this is to have available good high litre mono^peciiic 
antibody. Since human interferon has only been purifled to 
hornogeneity in very small amounts, this antibody cannot be raised 
by normal injection procedures. However the recently rept»ted 
techniques for raising monoclonal antibodies involvmg the fusion 
of myeloma cells with antibody piodudng cells' * should provide 
a system for producing high titre mono-specific antibody to human 
interferon. 

In addition to the above standard purification techniques for 
mRNA, the purification of interferon mRNA has one extra possibility.' 
Interferon mRNA is indupble*' and hence if mRNA {torn such induced 
cells is hybridised to cDNA made from the mRNA from non-induced 
cells, then there will be a significant enridunent for interferon 
specific sequences. 

Once interferon mRNA is available in reasonaMe quantities in 
a pure or partially pure form, the techniques for producing a 
double-stranded cDNA' * are well documented. This ds cDNA can 
then be in^ed into a suitable vector plasmid using a variety of 
available methods including biochemical tailing of the molecules 
with terminal transferase", the use of synthetic linker" molecules 
or directly by blunt end ligation'! One might design the system 
such as to optimise the chance of expression of the sequence on the 
vector of choice eg by inserting the cDNA into the PstI site of ' 
pBR322 by dG^C tailing' ' or using any other systems in which 
expr^on might be demonstrated". In order to demonstrate 
expression of interferon by the bacterial niltuies antibody 
techniques can again be used? ' The results of this can then be cbjifirmed 
by looking at the biological activity of the protein produce<^^». 

Although initially E chJi ana its plasmios wouTd be the natural 
choice of host/vector syst«n for this woric, there iff-no reason why 
other mvctooiganism host/vector systems should not be used" . 
These could include other bacteria, fungi or" another possibility 
would be the use of a yeast' system which being eukaiyotic may 
lead to easier expression of the sequences. It is also conceivable 
to.use an animal cell/virus, host/vector system. Although this 
does not appear at first glance to offer significant advantages over 
the normal celt culture production methods, it would probably 
lead to h%her yielding ^sterns because of the increased gene copy 
number on a virus vector. Animal viruses have been successfully 
use d as cloning vehicles and demonstrated to express inserted 
globiii sequences* • . 

Even if expression could not be demonstrated, the presence 
of interferon cDNA in the hydrids can be demonstrated In a number 
of ways. Forexample, the differential hybridisation (by the Gwn- 
stein-Hogness method' ' or similar protocols) with radiolabeUed 
probes from induced and non-induced cells wilt identify clones 
which may contain interferon cDNA sequences. If these are then 
isolated they can be hybridised to traditionally active interferon 
mRNA and screened for inhibiUon of this activity.. Only those 
clones which contain interferon cDNA will inhibit translation. 
Once such sequences are isolated, even if they only contain part 
of the interferon sequence, they can t*e used in a number of ways, 
eg to hybridise to interferon mRNA and be used a primers for 
extending the synthesis of the cDNA. 

Small quantities of human interferon have been purified* " . 
As yet although not enough pure material is available to determine the 
amino acid sequence of the protein, it is obvious that this will soon ■ 
be achieved,' It then becomes possible to chemically synthe^se the 
gene' ' for interferon and to achieve expression of this in a 
bacterium in a similar way to that demonstrated for somatostatm* ' . 
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Summary 



Recombination in vitro lias been used to place 
one or more copies of a strong promoter, the lac 
promoter, at varying distances from the cl (re- 
pressor) gene of bacteriophage X on the E. coir 
plasmid pMB9. In all constructions, X repressor 
synthesis is driven wholly or predominantly by 
the inserted lac promoter. One of our fusions 
directs the synthesis of very high levels of X 
repressor. In this case, the fused DNA encodes a 
ribosome binding site v^hich is a "hybrid" of X 
and lac sequences. In principle, this method of 
construction should elicit high levels of expres- 
sion in E. coli of any gene, whatever its source. 
We also described strains with different sequence 
arrangements that, for reasons not completely 
understood, produce less repressor. 

Introduction 

Synttiesis of a protein at high rates in E. coli 
depends upon frequent transcription of the pro- 
tein-encoding gene and efficient translation of the 
mRNA. Frequent transcription requires a "strong" 
promoter; efficient translation apparently requires 
that the mRNA bear a ribosome binding site. Ac- 
cording to current models, a ribosome binding 
site on an E. coli mRNA includes the translational 
start codon AUG (or GUG) and another sequence 
that is complementary to bases on the 3' end of 
16S ribosomal RNA. Shine and Dalgarno (1975) 
first postulated the requirement for this homology, 
and various SD sequences, as we call them, have 
been found in almost all E. coli mRNAs examined. 
Identified SD sequences vary in length from 3-9 
bases and precede the translational start codon by 
3-12 bases (for review, see Steitz, 1977). One case 
is known in which an AUG translational start is 
located at the 5' end of a mRNA, and that message 
is translated in vivo about an order of magnitude 
less efficiently than is another mRNA bearing a 
complete ribosome binding site (Ptashne et al., 
1976; Waiz, Pirrotta and Ineichen 1976). 

Experiments reported in this paper utilize recom- 
bination in vitro to place one or more copies of a 
strong promoter, the lac promoter, at varying dis- 
tances from the cl (repressor) gene of bacterio- 
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cisco, California 94122. 



phage X on the E. coli plasmid pMB9 (Rodriguez 
et al., 1976). In all constructions, \ repressor syn- 
thesis is driven wholly or predominantly by the 
inserted lac promoter(s). In our most potent fusion, 
we created a "hybrid" ribosome binding site; the 
lac promoter and adjacent sequences were posi- 
tioned so that the lac Z gene SD sequence was 8 
base pairs upstream from the ATG of the cl gene. 
In principle, this strategy should elicit high levels 
of expression in E. coli of any gene, whatever its 
source. We begin with a description of the con- 
struction and properties of the "hybrid" ribosome 
binding site strain. We then describe strains with 
different sequence arrangements that, for reasons 
not completely understood, produce less repres- 
sor. 

Results and Discussion 

Expression of cl with a Hybrid Ribosome Binding 
Site Driven by the lac Promoter 

Plasmid pKB280 is a derivative of pMB9 that carries 
a single X cl gene fused to a single lac promoter. 
The lac DNA fragment used in this construction 
bore, in addition to the promoter, the lac Z SD 
AGGA 

sequence ^^^^ P'us five additional bases. The 

remainder of the sequence coding for the lac Z 
gene, including the initiator ATG, was removed by 
cleavage with a restriction endonuclease. The frag- 
ment of X DNA used included the sequence 

cl, 

5' CG1]ATG . . . 
3' TGCATAC . . . 

plus adjacent sequences from cl. The cl SD se- 
quence as well as all other sequences upstream 
from those described were removed by cleavage 
with a different restriction endonuclease (see Fig- 
ure 1). Analysis of the DNA sequence of a portion 
of pKB280 (T. M. Roberts, personal communica- 
tion) reveals that the lac promoter has been fused 
to cl so that the lac Z SD sequence is positioned 
eight bases from the cl ATG as follows: 

cl 



ACAC AGGA AACAGCGljATG . 
TGTGjTCCTJTCTCGCATAC 

Apparently the terminal 3' T on the X fragment was 
clipped off at some stage in the construction and 
the flush-ended lac fragment joined to the X frag- 
ment excluding this base. In the case of lac Z, the 

SD sequence ^'^^^ is separated from its ATG by 7 
base pairs. In X, the longer SD sequence CCACTA 
is separated from the cl ATG by 11 base pairs (see 
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Figure 1 . DNA Molecules Used in Constructions 
In each case, pertinent restriction endonuclease cleavage sites 
are indicated. In some cases, Alu I and Hae III ends were con- 
verted to Eco Rl ends by the method described in Backman et al. 
(1976), and these sites are designated Hae III (Rl) or Alu I (Rl). 
The distance between certain cleavage sites is given in base 
pairs. 

(a) A (nominally) 205 base pair fragment bearing a lac promoter 
plus sequences extending through the first eight codons of the 
lac Z gene (Gilbert et al., 1975; Backman et al., 1976). The lac 
promoter bears the UV-5 mutation which renders it CAP-inde- 
pendent. The sequence near the beginning of lac Z shows that 
Alu I cleavage separates the SD sequences (in brackets) from the 
translational start codon ATG (boxed). 

(b) A 285 base pair fragment that contains two 95 base pair lac 
promoter fragments separated by a 94 base pair heterologous 
fragment. The ends of the promoter-containing segments corre- 
spond to the Alu I sites in (a), and so each contains a lac SD 
sequence but no lac Z initiator codon. The arrows indicate that 
the promoters initiate transcription in the same direction. This 
promoter-bearing fragment was constructed by L. Johnsrud (per- 
sonal corfimunication) who made it available to us on plasmid 
pU3. 

(c) A portion of the X genome that includes the cl gene. The 
sequence shows that the restriction endonuclease Hph I cleaves 
between the cl SD sequences (in brackets) and the translational 
start codon (boxed). 

(d) Plasmid pKB252 (Backman et al.. 1976). Plasmid pKB252 is 
a derivative of pMB9 that contains a single X cl gene and two lac 
promoters carried on the/ac DNA fragment described in (a). The 
plasmid also carries the gene coding for resistance to tetracy- 
cline, as indicated. Plasmid pKB255, not shown here, is identical 
to pKB252 except that It carries only one lac promoter. 

(e) Plasmid pKB166. This smaller plasmid carries the cl gene 
but not the fef gene nor any lac promoter (Backman et al.. 1977). 



Figure 1). [In the life cycle of phage \, the cl gene 
is transcribed in two different modes. In a X. lyso- 
gen, the cl promoter is Prm, and the mRNA begins 
at the 5' end with the AUG that codes for the 
amino terminus of repressor. Upon infection of a 
nonlysogen, transcription of cl apparently initiates 
about 300 base pairs upstream from the gene at 
the promoter Pre- The DNA sequence indicates 
that this mRNA contains a 6 base SD sequence 
(see Figure 1) that could direct efficient translation 
(for review, see Ptashne et al., 1976).] 

An E. coli strain carrying pKB280 produces 
roughly 1% of its soluble protein as X. repressor. 
[The values given throughout this paper for the 
levels of X repressor in strains bearing our various 
recombinant plasmids refer to the growth condi- 
tions listed in Experimental Procedures. These 
numbers may change if the growth conditions are 
changed, For example, J. Roberts (personal com- 
munication) reported to us, and we have con- 
firmed, that ceils containing the plasmid pKB252 
grown in a low sulfur glucose-salts medium con- 
taining 20 /xg/ml tetracycline produce some 10 
fold higher repressor levels. Bailone, Levine and 
Devoret (1977) have made a similar observation 
using a different medium. We have not yet tested 
strain 280 under these conditions. Our most con- 
venient repressor source is a strain bearing pKB277 
(see Constructions in Experimental Procedures) 
which produces about 2.5% of its protein as repres- 
sor when grown in tryptone broth.] This corre- 
sponds to roughly 30,000 monomers of repressor 
per cell. We can approximate the efficiency of 
repressor production by pKB280 as follows: we 
assume that a single induced /ac Z gene ordinarily 
maintains about 5000 monomers of /3-galactosid- 
ase per bacterium (I. Zabin, personal communica- 
tion). A plasmid closely related to pKB280 (pKB252, 
described below) is maintained in about 50-80 
copies per E. coli chromosome in stationary cells 
(Backman, 1977). These numbers suggest that our 
strain bearing pKB280 produces about an order of 
magnitude less repressor than theoretically possi- 
ble. We show below that the/ac promoter functions 
with full efficiency when carried on a plasmid. 

The /ac Promoter Functions Normally on a Plas- 
mid 

Plasmid pKB252 (Backman, Ptashne and Gilbert, 
1976) bears one \ cl gene and two /ac promoters 
(Figure Id). The promoter-bearing /ac DNA frag- 
ments are inserted 187 base pairs from the cl ATG, 
and each includes the /ac Z SD sequence, the /ac 
Z initiation codon and sequences encoding the 
next seven /ac Z amino acids. Thus translation 
begins at sequences near each /ac promoter, and 
because there are no translational stops in the 
appropriate frame (see Figure 4 and Gilbert et al., 
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1975), translation of messenger from these pro- 
moters continues into ci. Translation initialed at 
lac is not in phase with the initiator ATG of cl, and 
it presumably terminates in cl. Functional repres- 
sor is therefore synthesized by translation that 
initiates at the cl ATG. Apparently both lac pro- 
moters are functional, because plasmid pKB255, 
which is identical to pKB252 except that It bears 
only one lac promoter, directs the synthesis of 
about half as much repressor as does pKB252 (see 
Table 1). We have constructed a deletion derivative 
of pKB252 in which the distance between the 
beginning of cl and the lac promoters was 
shortened by 114 base pairs. This plasmid, 
pKB265, directed the synthesis of repressor levels 
indistinguishable from those of its parent. 

Bacteria bearing either pKB252 or pKB265 pro- 
duce about 3-5 fold less repressor than do strains 
bearing pKB280. We considered two explanations 
for the relatively low yield of repressor from strains 
bearing pKB252 or pKB265: transcription from the 
lac promoter is impaired on the plasmid, and/or 
translation -of cl is inefficient presumably because 
of interference caused by translation initiated up- 
stream at sequences near the lac promoter. The 
properties of strains bearing a recombinant phage 
described in the following paragraphs reveal that 
the lac promoter functions normally in pKB252 
and pKB265, but that the cl gene is translated 
inefficiently. 

Phage XKB1 contains a single /ac promoter fused 
to a X cl gene (see Figure 3). In this phage, 
transcription initiating at the /ac promoter traverses 
cl , part of frp fl , all of trp A and then lac Z. The lac 
Z and trp A genes contain sequences coding for 
their wild-type ribosome binding sites, but tran- 
scription of these genes is strictly dependent upon 
the lac promoter located upstream of cl. Because 
the efficiency of translation of lac Z in the original 
trp-lac fusion used to construct XKB1 is similar to 
that observed for a wild-type lac operon (Reznikoff 
et al., 1974), the ,e-galactosidase levels in iysogens 
of XKB1 are a measure of transcription of lac Z 
initiated at the lac promoter in XKB1 . In XKB1 , the 
X cl, lac and trp genes are substituted for nones- 
sential phage genes, and the necessary heteroim- 
munity is provided by DNA from the related phage 

The levels of X repressor and |8-galactosidase in 
a strain lysogenic for XKB1 are given in Table 1 . In 
the absence of IPTG, transcription from the lac 
promoter is repressed by lac repressor, and the 
levels of both repressor and /3-galactosidase are 
low. When induced with IPTG, XKB1 directs the 
synthesis of about 1000 lac Z monomers per cell, 
but only about 80 X cl monomers per cell. We 
draw three conclusions from these results. First, 
as expected, the/ac promoter in XKB1 is apparently 



Table 1 . \ Repressor and ^ 
Strains 


1-Galactosidase Levels in Various 


Strain 


X Repressor 0-Galactosidase 


294 (\) + IPTG 


200 


5000 


W4680A (XKB1) 


10 


110 


W4680A (AKB1) + IPTG 


80 


1000 


294/pKB255 


4,500 




294/pKB252 


10,000 




RV suA/pKB252 


9,300 




294/pKB265 


7,500 




294/pKB268 


2,900 




RV suA/pKB268 


10,000 




294/pKB280 


30,000 





Cells were grown in M9 glucose medium (or M9 glycerol mediunn 
where |8-galactosidase values were reported) and assayed for \ 
repressor and in some cases /3-galactosidase. \ repressor and 
^-galactosidase levels are reported in monomers of polypeptide 
per cell. The single lysogen level of X repressor and the fully 
Induced level of ;8-galactosidase are Included for comparison 
purposes. 



working at a level comparable to that observed in 
a wild-type lac operon. The difference between the 
value of 1000 monomers per cell seen with XKB1 
and that of roughly 5000 monomers per cell ob- 
served in a typical /ac+ strain may be a result of 
attenuation of transcription between the lac pro- 
moter and the lac Z gene, which are separated by 
some 3000 base pairs in XKB1 . Second, the lac 
promoter functions about as well on the plasmids 
pKB252 and pKB265 as in XKB1 . This follows from 
the fact that 80 copies of pKB252 (or pKB265), 
each of which contains two lac promoters, direct 
the synthesis of somewhat more than 100 times as 
much repressor as does one such promoter con- 
tained on a single copy on XKB1. Third, the cl 
gene in XKB1 , and apparently that on pKB252 and 
pKB265, is inefficiently translated, at best about 
8% as well as the lac Z mRNA transcribed from the 
same promoter. 

Why is cl translated so poorly in XKB1 and in the 
related plasmid strains? Three possibilities are that 
translation initiated near the lac promoter, which 
continues into cl, interferes with translation initi- 
ated at cl; that the cl SD sequence located adjacent 
to thecl ATG does not mediate efficient translation; 
and that cl mRNA containing the SD sequence 
must be processed to be translated efficiently, and 
this processing is abnormal in our fusion strains. 
There is no firm evidence that cl mRNA is proc- 
essed, and we have no further comment on the 
third possibility. We cannot exclude the second 
possibility, but we doubt it for the following rea- 
sons: Gronenborn (1976) has constructed a lac-c\ 
fusion in vivo in which the lac promoter is located 
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about a thousand bases from cl. In this case, 
translation of cl depends upon thecl SD sequence, 
and it is reported that in the presence of a tran- 
scriptional polarity suppressor (suA), a strain bear- 
ing this fusion produces some 40 fold more repres- 
sor than does a lysogen of XKB1 . These findings 
indicate that the cl SD sequence promotes efficient 
translation of cl when carried on the appropriate 
mRNA. We designed a test of the first possibility, 
that in X.KB1 and the related plasmid fusions, trans- 
lation initiating near the lac promoter was interfer- 
ing with translation of cl. This entailed construct- 
ing a fusion (pKB268) similar to pKB252, but differ- 
ing in that the lac promoter-bearing DNA fragment 
lacked the lac Z initiating codon and structural 
gene codons. 



pKB 252 



pKB 265 



pKB 268 



pKB 280 ' ' 

Figure 2. A Schematic Representation of Portions of Various cl 
Gene-tec Promoter Fusions 

Three of the plasmids may be regarded as deletion derivatives of 
the fourth, pKB252. The bracl<ets indicate the extent of each 
deletion. Note that although not indicated in this figure, pKB280 
has one lac promoter, whereas the other plasmids have two. 



RI 



Transcriptional Polarity Exposed by Eliminating 
Translation 

Plasmid pKB268 bears one X cl gene transcribed 
from two lac promoters. In this case, the ATGs 
which signal initiation of lac Z translation have 
been removed (see Figure 2). The two lac pro- 
moters are, however, inserted at the same position 
relative to cl as are those in pKB252. Table 1 
shows that our standard E. coli strain bearing this 
plasmid produces some 3 fold less repressor than 
does the strain carrying pKB252 or pKB265. Appar- 
ently elimination of the translational initiation sig- 
nal near the lac promoter has revealed a site (or 
sites) of transcriptional attenuation between the 
lac promoter and cl. This follows from the fact that 
when carried in a strain bearing a polarity suppres- 
sor (suA), pKB268 causes production of as much 
repressor as do pKB252 or pKB265. Our current 
understanding of transcriptional polarity suggests 
that polarity is observed only in the absence of 
translation (Adhya et al., 1976), and as expected, 
the polarity suppressor has no effect on repressor 
production coded by pKB252. 

We cannot say exactly how efficiently the polarity 
suppressor we used (suA 115-1) functions in sup- 
pressing polarity in pKB268. This same suppressor 
has been found to suppress polar insertions in the 
lac operon with an efficiency of between 1 and 
30%, depending upon the nature and location of 
the Insertion (M. Malamy, personal communica- 
tion). These numbers suggest that were polarity 
completely overcome in pKB268, repressor pro- 
duction would increase 3-100 fold above that seen 
in our suA strain. Moreover, as mentioned previ- 
ously, pKB252, which is unaffected by the polarity 
suppressor, produces only about as much repres- 
sor as does the suppressed pKB268. These consid- 
erations suggest that in pKB252, translation initi- 
ated near the /ac promoter decreases cl translation 
some 3-100 fold. 

We note that the base sequence between the lac 
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Cl 



locP 
3CH 
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Figure 3. The Components of Phage \KB1 

(a) Phage XRP167 (see reference 40 of Ptashne et al., 1976) 
which contains a single Eco RI cleavage site. 

(b) A X phage bearing the lac-trp fusion W205 (Barnes, Siegel 
and Renzitoff, 1974; Mitchell, Renzikoff and Beckwith, 1975). 
Cleavage with the restriction endonuclease Hind III generates a 
fragment bearing the left half of the phage chromosome plus the 
lac Z, trp A, and part of the frp S genes. 

(c) A DNA fragment generated by partial digestion of pKB265 that 
carries the X c I gene and one lac promoter. 

(d) The assembled phage X KB1 . The arrow indicates the direction 
of transcription from the /ac promoter. 



promoter and cl in pKB268 does suggest a possible 
source of transcriptional polarity. As shown in 
Figure 4, the mRNA transcribed from the lac pro- 
moter contains a region 64 bases long that can 
form a hairpin in which 50 bases are paired, leaving 
5 unpaired bases as a loop. [The RNA forming this 
stem and loop is a transcript of the right operator 
(Or) of A.] Stem and loop structures have been 
implicated in transcriptional polarity in other cases 
(M. Rosenberg, D. Court, D. Wulff, H. Shimatake 
and C. Brady, manuscript submitted). 
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^gagu^gcaauuuag'^'Uuaccaacguacaugauuccuccaacauaccuuguugcguauugggacuuucumuacguua 

cro ^ 

IAAU^GUGAGCGGAUAACAAUUUCACACAGGAAACAGAAUUCCUUGUUGAUCGCGCUUUGAUAUACGCCGAGAUCUUUAG(j 

mRNA from lac promoter t + 

Rl 

( Alu , Hae III) 

Figure 4. The Sequence of tine RNA between the tac Promoter and cl in pKB268 (T. M. Roberts, H. Shimatal<e, C. Brady and M. 
Rosenberg, Manuscript Submitted; T. M. Roberts, Personal Communication) 

The important feature is the targe internal homology in the region just preceding cl. Note that the cl SD sequence Is contained In this 
hypothetical stem and loop. Also indicated are various restriction endonuclease cleavage sites in positions corresponding to their sites in 
the DNA. The sequences between the arrow marked cro and the arrows indicating the Eco Rl site are read from the antisense strand of 
the X cro gene. 



Conclusions 

We have joined a sequence coding for the lac 
promoter and a portion of the ribosome binding 
site of the lac Z gene to a sequence containing the 
\ cl gene and the ATG that codes for the transla- 
tional start of cl. We thus created a hybrid ribo- 
some binding site bearing the lac Z "Shine-Dal- 
garno" sequence separated by 8 bases fronn the 
AUG of the cl on the mRNA. When carried on the 
plasmid pMB9, this fusion results in high level 
production of the X repressor. It is possible that 
even higher levels of repressor production might 
be achieved by varying the distance between the 
two elements of the ribosome binding site. Our 
current understanding of the mechanism of ribo- 
some binding of messages suggests that the only 
strong requirement for translation of a message in 
E. coli cells is that they contain a "Shine-Dalgarno" 
sequence near an initiating AUG or GUG, and that 
this ribosome binding site be accessible to ribo- 
somes. [Weissman et al. (1977) find that mutation 



of the first base of the second codon of the Q/3 
coat protein cistron modifies ribosome binding (for 
further discussion, see Steitz, 1977).] if this is 
correct, our method should be applicable to elicit- 
ing efficient expression of genes from any orga- 
nism in E. coli. If restriction endonuclease cuts are 
not suitably located just outside an initiator ATG, it 
should be possible to mal<e the proper length 
molecules starting with longer fragments and trim- 
ming with exonuclease and single-strand-specific 
nucleases, or by synthesis in vitro of DNA mole- 
cules containing an initiator ATG and adjacent 
sequences which may be placed between an ap- 
propriate SD sequence and the remainder of the 
gene. Our experiments show that placing a strong 
promoter (the lac promoter) with or without a 
contiguous translational start signal, "near" a gene 
(the cl gene) does not necessarily result in efficient 
production of the gene product. Although tran- 
scription initiated frequently in our various fusions, 
in most cases one or another obstacle prevented 
maximal production of the gene product. The con- 
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struction of a hybrid ribosome binding site consti- 
tuted a rational solution to the problem. 

The failure of most of our fusions to produce 
high levels of repressor may indicate mechanisms 
that ensure high level repressor synthesis upon 
infection by phage X. Transcription of cl initiated 
at Pre (see Results and Discussion) proceeds 
through cl when supplied with the positive regula- 
tory protein products of the phage genes cll and 
clll (for review, see Herskowitz, 1973). It is not 
known whether translation is initiated near the 
transcriptional start on this long mRNA leader. If 
so, it presumably does not interfere with cl trans- 
lation as does upstream translation Initiated in our 
fusions of pKB252 and pKB265; if not, then the 
transcriptional attenuation revealed in plasmid 
pKB268 may be overcome as a result of cll and clll 
action. 

Experimental Procedures 

Procedures 1or the construction and cloning of plasmids, the use 
of T4 polynucleotide ligase, DNA polymerase I, selection of 
clones, and assays of A repressor and jS-galactosidase were as 
reported in Backman et al. (1976). E. coll strain 294 (endo i, rn", 
mk+, Br; Backman et al., 1976), RV st/A 115-1 (A tec X74, Br, 
suA 115-1; obtained from D. Ratner) and W4680A (A lac Z 4680 
Br, met", reoA") were used as hosts. Cells were grown in M9 
salts (Miller, 1972) plus 0.3% casamlno acids, 0.01% thiamine 
hydrochloride and 0.5% glucose or glycerol as carbon source. 
Alu 1, Bam I, Bgl il and Hph 1 restriction endonuclease digestions 
were performed in 6.6 mM Tris-HCI (pH 7.4), 6.6 mM MgClj, 6.6 
mM 2-mercaptoethanol. Eco Rl, Hae III. Hind III restriction endo- 
nuclease digestions were performed in the same buffer plus 50 
mM NaCI. Strain W4580A was the host lysogenized with XKB1. 
Strain 294 was the host carrying the various plasmids unless 
stated otherwise. 

Constructions 
pKBlBO 

An Eco Rl-Alu I fragment (a), 95 base pairs long and carrying a 
/ac promoter, was generated from the fragment shown in Figure 
1b. A Hph l-Hind III fragment (b), 477 bases long and bearing 
most of c I, was isolated from pKB252. Plasmid pKBI 66 (Backman, 
Hawley and Ross, 1977) was cleaved with Hind III and Eco Rl, 
and the larger fragment was Isolated (c). Fragments (a), (b) and 
(c) were then ligated together in a single reaction. The Hind III 
end of (c) joined the Hind III end of (b); the Eco Ri end of (c) 
joined the Eco Rl end of (a); and the flush Alu I end of (a) joined 
the 1 base staggered Hph I end of (b). X immune, /ac-operator- 
containing clones were selected following transformation. A 
clone containing one plasmid, pKB277, directed the synthesis of 
about 2.5 fold more repressor than did pKB280 In our standard 
strains. We do not know the reason for this higher level of 
repressor synthesis. To compare this fusion fairly with our other 
plasmids, the /ac-A. fusion was then recloned in pMB9 by excising 
the fusion by cleavage with Eco Rl and Hind III, and cloning that 
.fragment together with a Hind III fragment containing the carboxy 
terminus of cl between the Eco Rl and Hind III sites on pMB9. 
This yielded pKB280. 
pKB265 

Plasmid pKB252 was cleaved with Bgl II and treated with DNA 
polymerase 1 to fill in the sticky ends. The plasmid was then 
cleaved with Bam i, and the two products were separated. The 
cl-bearing fragment was partially digested with Hind II, and the 
product resulting from cleavage only at the Hind II site shown in 



Figure 1d was isolated. This was then joined to the fiiled-in Bgl II- 
Bam I fragment containing the remainder of the plasmid. The 
desired product was formed by sticky-end joining of the Bam i 
ends and by flush-end joining of the Hind II and filled-in Bgl II 
ends. \ immune clones were isolated following transformation. 
Correct joining of the Hind 11 and filled-in Bgl il ends in pKB265 
has been confirmed by DNA sequence analysis (B. Meyer, per- 
sonal communication). 
PKB26B 

The /ac-promoter-containing fragment shown in Figure lb was 
cloned in the Eco Rl site of plasmid pKB158. The latter is identical 
to pKB252, except that it is missing the lac promoters, and its 
construction was described previously (Backman et al., 1976). 

\KB^ 

The right half of the genome of phage \RP167 and the left half of 
the genome of phage XW205 were Isolated following cleavage 
with Eco Rl and Hind III, respectively (see Figures 3a and 3b). 
Partial digestion of pKB265 with Eco Rl and Hind III yielded a 
fragment roughly 1350 bases long which includes the cl gene 
and a single lac promoter (see Figure 3c). The three pieces were 
joined by "sticky-end" ligation, and the composite phage was 
isolated by transfection. 
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Useful Proteins 
from Recombinant Bacteria 

Bacteria into which nonbacterial genes have been introduced are 
able to manufacture nonbacterial proteins. Among the proteins 
made by recombinant-DNA methods are insulin and interferon 

by Walter Gilbert and Lydia Villa-KomaroflF 
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A living cell is a protein factory. It 
synthesizes the enzymes and oth- 
■ er proteins that maintain its own 
integrity and physiological processes, 
and (in multicelled organisms) it often 
synthesizes and secretes other proteins 
that perform some specialized function 
contributing to the life of the organism 
as a whole. Different kinds of cells make 
different proteins, following instruc- 
tions encoded in the DN A of their genes. 
Recent advances in molecular biology 
make it possible to alter those instruc- 
tions in bacterial cells, thereby designing 
bacteria that can synthesize nonbacteri- 
al proteins. The bacteria are "recombi- 
nants." They contain, along with their 
own genes, part or all of a gene from a 
human cell or other animal cell. If the 
inserted gene is one for a protein with an 
important biomedical application, a cul- 
ture of the recombinant bacteria, which 
can be grown easily and at low cost, will 
serve as an ef&cient factory for produc- 
ing that protein. 

Many laboratories in universities and 
in an emerging "applied genetics" indus- 
try are working to design bacteria able 
to synthesize such nonbacterial pro- 
teins. A growing tool kit of "genetic en- 
gineering" techniques makes it possible 
to isolate one of the million-odd genes 
-of an animal cell, to fuse that gene with 
part of a bacterial gene and to insert 
the combination into bacteria. As those 
bacteria multiply they make millions of 
copies of their own genes and of the ani- 
mal gene inserted among them. If the 
animal gene is fused to a bacterial gene 
in such a way that a bacterium can treat 
the gene as one of its own, the bacteria 
will produce the protein specified by the 
animal gene. New ways of rapidly and 
easily determining the exact sequence 
of the chemical groups that constitute 
a molecule of DNA make it possible 
to learn the detailed structure of such 
"cloned" genes. After the structure is 
known it can be manipulated to produce 
DNA structures that function more ef- 
ficiently in the bacterial cell. 
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In this article we shall first describe 
some of these techniques in a general 
way and then tell how we and our col- 
leagues Argiris Efstratiadis, Stephanie 
Broome, Peter Lomedico and Richard 
Tizard applied them in our laboratory at 
Harvard University to copy a rat gene 
that specifies the hormone insulin, to in- 
sert the gene into bacteria and to get 
the bacteria to manufacture a precursor 
of insulin. In an exciting application of 
this technology Charles Weissmann and 
his colleagues at the University of Zu- 
rich recently constructed bacteria that 
produce human interferon, a potential- 
ly useful antiviral protein. 

DNA, RNA and Proteins 

Cells make proteins by translating a 
set of commands arrayed along a strand 
of DNA. This hereditary information 
is held in the order of four chemical 
groups along the DNA: the bases ade- 
nine, thymine, guanine and cytosine. In 
sets of threes along DNA these bases 
specify which amino acids, the funda- 
mental building blocks of proteins, are 
to be used in putting the protein togeth- 
er; the correspondence between specific 
base triplets and particular amino acids 
is called the genetic code. The part of a 
DNA molecule that incorporates the in- 
formation to specify the structure of a 
protein is called a structural gene. 

To act on this information the cell 
copies the sequence of bases from its 
genetic storehouse in DNA into another 
molecule: messenger RNA. A strand of 
DNA serves as a template for the assem- 
bly of a complementary strand of RNA 
according to base-pairing rules: adenine 
always pairs with tiracil (which in RNA 
replaces DNA's thymine) and guanine 
pairs with cytosine. In animal cells tran- 
scription takes place in the nucleus of 
the cell. The messenger-RNA molecules 
carry the information out of the nucle- 
us into the cytoplasm, where a com- 
plex molecular machine translates it into 
protein by linking together the appropri- 



ate amino acids. In bacteria, which have 
no nucleus, transcription and transla 
tion take place concurrently. The mes 
senger RNA serves as a temporary set 
of instructions. Which proteins the cell 
makes depends on which messengers it 
contains at any given time; to make a 
different protein the cell makes a new 
messenger from the appropriate struc- 
tural gene. The DNA in each cell con- 
tains all the information required at any 
time by any cell of the organism, but 
each cell "expresses," or translates into 
protein, only a specific small portion 
of that information. How does the cell 
know which structural genes to express? 

Along with the structural mforma- 
tion, a DNA molecule carries a series of 
regulatory commands, also written out 
as a sequence of bases. The simplest 
of these commands say in effect "Start 
here" or "Stop here" both for the tran- 
scription and for the translation steps. 
More complicated commands say when 
and in which type of cell a specific gene 
should be used. The genetic code is the 
same in all cell nuclei, a given structural 
sequence specifying the same protein in 
every organism, but the special com- 
mands are not the same in bacteria and 
in animal cells. One of the most surpris- 
ing differences was discovered only in 
the past two years. The information for 
a bacterial protein is carried on a contig- 
uous stretch of DNA, but in more com- 
plicated organisms, such as pigs and 
people, the structural information is 
broken up into segments, which are sep- 
arated along the gene by long stretches 
of other DNA called intervening DNA 
or "introns." In such a cell a long region 
(often 10 times more than might be 
needed) is transcribed into RNA. The 
cell then processes this long RNA mole- 
cule, removing the sequence of bases 
that does not code for the protei-i.and 
splicing together the rest to make a 
messenger-RNA molecule that carries 
essentially just the "start," the structur- 
al sequence and the "stop" needed for 
translation. 
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To persuade a bacterium to make a 
nonbacteriai protein one must put into 
bacteria a DN A molecule that has a se- 
quence of bases specifying the protein's 
amino acids as well as the bacteria! com- 
mands for transcription and translation. 
Moreover, the inserted DNA must be 
treated by the bacterium as its own so 



that it will be duplicated as the bacteri- 
um divides. The problem thus breaks 
down into three parts: to find the nght 
structural sequence {insulin's, for exam- 
ple), to place it in bacteria in such a way 
that it will be maintained as the bac- 
teria grow and then to manipulate the 
surrounding information, modifying the 



regulatory commands so that the struc- 
tural sequence is expressed as protem. 
Once the protein is made, still further 
changes in its gene or modifications of 
the bacterium may be needed to obtain 
the protein in large enough amounts to 
be useful. 
The constellation of recombinant- 




HUMAN INTERFERON synthesized in bacteria demonstrates its 
ability to block a viral infection in this biological assay. The structural 
information for making the protein interferon was obtained from hu- 
man white blood cells in the form of roessenger-RNA molecules; the 
RNA then served as a template for the synthesis of double-strand 
molecules of copy DNA, and the DNA in turn was inserted by re- 
combinant-DNA techniques into a laboratory strain of the bacteri- 
um Escherichia coli, which synthesized the protein. For the assay di- 
lutions of an extract o£ the bacteria were placed in some of the wells 
of a clear plastic tray; the other wells served as controls. (The wells 
are seen through the bottom of the tray in this photograph.) Human 
cells were added to the weils and were grown to form a layer of cells 
covering the bottom of each well. A virus preparation was then added 
to the cells. Twenty-four hours later the cell layer was stained. Where 
interferon in the extracts protected the cells against the virus «je cells 
survived and were stained. Where there was no interferon the virus 
killed the cells and the dead cells did not pick up the stain. The con- 
trol wells in the first column at the left contain a layer of cells that 



were never exposed to the virus; they accordingly appear stained. The 
control wells in the second column contain ceils that have been killed 
by the virus; they look gray or clear. The control wells in the third 
column contain dilutions of a standard laboratory sample of interfer- 
on obtained directly from human cells; the top well has the most in- 
terferon and each succeeding well has a third as much interferon as 
the well above it The wells in the next six columns hold dilutions of 
bacterial extracts from six different colonies of E. coli in which inter- 
feron DNA was present Five of the six columns containing the bac- 
terial extracts show evidence of interferon activity. The third extract 
tested (Column 6) bad no detectable interferon; it apparently did not 
have a complete interferon gene. The synthesis of human interferon 
by the recombinant-DNA method was achieved by Charles Weiss- 
mann and his colleagues at the University of Zurich in collaboration 
with Kari Cantell of the Finnish Red Cross. The work was supported 
by Biogen, SA. Interferon is synthesized by many animal cells, but 
it is species-specific: only human interferon works for human be- 
ings, and it has been too scarce even for satisfactory experimentation. 
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DNA techniques for placing and main- 
taining a new gene in bacteria is called 
cloning, which in this sense means the 
isolation of a specific new DNA se- 
quence in a single organism that prolif- 
erates to form a population of identical 
descendants: a clone. There are two con- 
venient ways of doing this. In one meth- 
od a small circular piece of DNA called 



a plasmid is the vehicle for introducing 
the new DNA into the bacterium. Plas- 
mids carry only a few genes of their own 
and are maintained in several copies in- 
side the bacterium by the bacterium's 
own gene functions; they remain sepa- 
rate from the main set of bacterial genes 
carried on a circle of DNA about 1,000 
times larger. Alternatively the vehicle 



could be a virus that grows in bacteria. 
Such viruses normally have some 10 to 
50 genes of their own (a bacterium has 
several thousand genes) and can often 
carry other new DNA segments in place 
of some of their own. All the techniques 
we shall describe apply to both plasmids 
and viruses. 
A molecule of DNA resembles a very 
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PROTEINS ARE MADE in a living eel! according to instructions 
encoded in tiie cell's genes, whicbi consist of specific sequences of 
chemical groups (bases) strung out along a double-Strand molecule 
of DNA in the cell's nucleus. The genetic code is "written" in the 
four letters A, T, G and C, which stand respecUvely for the four bases 
adenine, thymine, guanine and cytosine. The code is "read" in the 
three-letter sets called codons, which specify the amino acids linked 
together in the protein chain. The order of the bases can also con- 
vey regulatory commands. In muiticelled organisms the structural se- 
quence, or gene, encoding a particular protein is usually broken into 
fragments separated by long stretches of other DNA; in this diagram 



the gene fragments, called exons, are represented by the black letters 
and the intervening sequences, known as introns, by the white letters. 
The genetic information is translated into protein indirectly. First the 
entire sequence of bases is transcribed inside the nucleus from the 
DNA to a single-strand molecule of RNA. According to the base- 
pairing rules governing transcription, adenine always pairs with ura- 
cil (U) and guanine always pairs with cytosine. Next the RNA copies 
of the introBS are excised from the message and the remaining RNA 
copies of the exons are joined together end to end. The reassembled 
strand of messenger RNA then moves from the nucleus to the cyto- 
plasm, where the actual protein-manufacturing process takes place. 
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DNA CAN BE CUT into comparatively short lengths with the aid 
of restriction endonucleases, special enaeyines that recognize specific 
base sequences at wliich they cause the molecule to come apart For 
example, Eco Rl, the first such enatyme discovered, recognizes a cer- 
tain Six-base sequence and cuts (he molecule wherever this sequence 
appears, whereas Hae HI, another restriction enzyme, operates at a 
certain four-base sequence. Since the probability of finding a partic- 



ular tour-base sequence is greater than that of finding a particular 
six-base sequence, one would expect Hae JB. to cut DNA more often 
than Eco Rh Accordingly one Eco SI site and two Hae III sites are 
represented in the DNA segment at the top, which corresponds to 
part of the gene coding for insulin in rat cells. The same DNA con- 
tains recognition sites for a number of other restriction enzymes, as 
is shown in the line diagram of a larger gene fragment at the bottom. 
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RECOMBINANT-DNA TECHNIQUE for making a protein in bacteria calls for tbe insertion 
of a fragment of animal DNA tiiat encodes the protein into a plasmid, a small circnlar piece of 
bacterial DNA, wbich in turn serves as the vehicle for introtf ncing the DNA into the bacterium. 
The plasmid DNA is cleaved with the appropriate restriction eniynie and the new DNA se- 
quence is inserted into flie opeoing by means of a variety of enzymatic manipulations that con- 
nect the new DNA's ends to those of the broken plasmid circle. In the procedure illustrated 
here, tor example, a special enayme, reverse transcriptase, is first used to copy the genetic infor- 
mation from a single-strand molecule of messenger RNA into a single strand of copy DNA. 
The RNA template is then destroyed, and a second strand of DNA is made with another en- 
zyme, DNA polymerase. Still another en^me, SI nuclease, serves to break the covalent linkage 
between the two DNA strands. In the next step the double-stxand DNA is joined to the plasmid 
by first using the enzyme terminal transferase to extend the ends of the DNA with a short se- 
quence of identical bases (in this case four cytosines) and then annealing the DNA to the plas- 
mid DNA, to which a complementary sequence of bases (four guanines) has been added. Bac- 
terial enzymes eventually fill flie gaps in the regenerated circular DNA molecule and seal the 
connection between the inserted DNA and the plasmid DNA. The particular plasmid used by 
the authors to make rat proinsnlln in bacteria, designated pBRSZZ, incorporates two genes that 
conf »- resistance to two antibiotics: penicillin and tetracycline. The piasinid is cleaved by the 
restriction enzyme Pst at a recognition site that lies in the midst of the gene encoding penicillin- 
ase (the enzyme that breaks down penicillin). The added DNA destroys this enzymatic activity, 
but the tetracycline resistance remains and is used to identify bacteria containing the plasmid. 



long, twisted thread. A bacterium has 
one millimeter of DNA in a continuous 
string of some three million bases folded 
back and forth several thousand times 
into a space less than a micron (a thou- 
sandth of a miliimeter) across. In human 
cells the DNA is packed into 46 chro- 
mosomes, each one containing about 
four centimeters in a single piece, the 
total amount corresponding to about | 
three billion bases. How can one find 
and work with a single gene only a few 
thousand bases long? Fortunately na- 
ture has devised certain enzymes (pro- 
teins that carry out chemical reactions) 
that solve part of the problem. These 
special enzymes, called restriction endo- 
nucleases, have the ability to scan the 
long thread of DNA and to recognize 
particular short sequences as landmarks 
at which to cut the molecule apart. 
Some 40 or 50 of these enzymes are 
known, each of which recognizes dififer- 
ent landmarks; each restriction enzyme 
therefore breaks up any given DNA re- 
producibly into a characteristic set of 
short pieces, from a few hundred to a 
few thousand bases long, which one can 
isolate by length. 

One can clone such DNA pieces in 
bacteria. As a first step one purifies the 
circle of plasmid DNA. The sequences 
of the plasmids are such that one of 
the restriction enzymes will recognize a 
unique site on the plasmid and cut the 
circle open there. One can insert a cho- 
sen DNA fragment into ^e opening by 
using a variety of enzymatic techniques 
that connect its ends to those of the cir- 
cle. Ordinarily this recombinant-DNA 
molecule could not pass through the, 
bacterial cell wall. A dilute solution of 
calcium chloride renders the bacteria 
permeable, however; in a mixture of ; 
treated cells and DNA a few bacteria 
will take up the hybrid plasmid. These 
cells can be foimd among all those that 
did not take up the DNA if a gene on the 
plasmid provides a property the bacteri- 
um must have to survive, such as antibi- 
otic resistance. Then any bacterium car- 
rying the plasmid will be resistant to the 
antibiotic, whereas all the others will be 
killed by it When one spreads the mix- 
ture of bacteria out on an agar plate con- 
taining nutrients and the antibiotic, each 
single bacterium with a plasmid will 
grow into a separate colony of about 
100 million cells. A single colony can be 
chosen and grown further to yield bil- 
lions of cells, each of which contains 
identical copies of the new DNA se- 
quence in a recombinant plasmid. 

The Sequencing of DNA 

The procedures we have outlined so 
far are followed in "shotgun" cloning 
experiments. One breaks up the DNA of 
an animal cell into millions of pieces 
and inserts each piece into a different 
bacteriimi. In this way a number of col- 
lections of all the fragments of human. 
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SEQUENCING OF DNA, in the method devised by one of the antbois (Gilbert) and Allan M. 
Maxam, begins with the attachment of a radioactive label to one end of each strand of double- 
Straad DNA (/). The strands of trillions of molecules are separated (2) and a preparation of one 
of the two kinds of strands is divided among four test tubes {3). Each tube contains a chemical 
agent that selectively destroys one or two of the four bases A, T, G and C, thereby cleaving the 
strand at the site of those bases; the reaction is controlled so that only some of the strands are 
cleaved at each of the sites where a given base appears, generating a set of fragments of differ- 
ent sizes. A strand containing three Cs (A tor example, would produce a mixture of three ra- 
dioactively labeled molecules (5). The reactions break DNA at the 0% alone, at the Cs and the 
A% at the and the Cs, and at the alone. The molecules are separated according to 
size by electrophoresis on a gel; the shorter the molecule, the farther it migrates down the gel 
(d). The radioactive label produces an image of each group of molecules on an X-ray fUm (7). 
When four films are' placed side by side the ladderUke array of bands represents all the suc- 
cessively shorter fragments of the original strand of DNA (9). Knowing what base or pair of 
bases was destroyed to produce each of the fragments, one can start at the bottom and read oflE 
a left-to-right sequence of bases {10), which in turn yields the sequence of the second strand. 



mouse, rat and fly DNA have been 
made. One can determine the structure 
of any one of these cloned DNA's by 
breaking up the hybrid plasmid with a 
restriction enzyme, separatmg the re- 
sulting DNA fragments, determining 
the base sequence of each of the frag- 
ments and then putting the sequences 
together to deduce the entire structure 
of the cloned DNA. 

There are two methods for sequenc- 
ing DNA. Both exploit reference points 
created by restriction-enzyme cleavage 
of the DNA at a specific short sequence 
and then work out the rest of the se- 
quence by measuring the distance of 
each base from that cut. They do this 
by creating a set of radioactively labeled 
molecules, each of which extends from 
the common point to one of the occur- 
rences of a specific base. When these 
molecules are separated by size and de- 
tected by their radioactivity, the length 
of the smallest one shows the position of 
the first occurrence of that base; longer 
molecules correspond to later occur- 
rences. The pattern created by the anal- 
ysis of these molecules looks like a lad- 
der. From the positions of the rungs one 
reads off the lengths. By comparing four 
such patterns one reads off a sequence. 

One technique, devised by Allan M. 
Maxam and one of us (Gilbert), makes 
use of chemical reagents that detect the 
different chemical properties of the bas- 
es and break the DNA there. To gener- 
ate the set of fragments the reactions are 
done for a short time, so that the mole- 
cule is broken only occasionally instead 
of everywhere the base occurs; different 
molecules will be broken at different 
places. Four different sets of reagents 
are used to generate the four patterns. 
The radioactive label is attached direct- 
ly to the end of the particular restriction 
fragment one wants to sequence, so that 
only the molecules stretching from the 
labeled end to the break are detected by 
their radioactivity. 

The other sequencing method, de- 
vised by Frederick Sanger of the British 
Medical Research Council Laborato- 
ry of Molecular Biology in Cambridge, 
makes a DNA copy with an enzyme and 
stops the sequential synthesis, and hence 
the elongation of the copy, by blocking 
the movement of the enzyme at a specif- 
ic base. Here the radioactive label is in- 
corporated into the newly synthesized 
molecule in four different reactions. 
Both methods can provide the sequence 
of from 200 to 300 bases in a single ex- 
periment. One of the small plasmids in- 
volved in our cloning experiments was 
sequenced in a year by Gregory Sut- 
cliffe, who worked out the order of the 
4,357 bases on one strand and checked 
them by working out the complementa- 
ry strand. 

Any DNA region carried on a plas- 
mid can be isolated and sequenced. 
The difficulty is not in determining the 
sequence but in obtaining the specific 
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DNA fragments needed. The recombi- 
nant-DNA technique serves almost as a 
microscope to isolate and to magnify, 
by making many copies, a DNA region, 
but one does not want to look through a 
million bacteria to find a specific gene. 
The fundamental problem, which has 
no general solution, is to place only 
the desired DNA sequence—the desired 
structural gene— in a bacterium. 

Getting the Right Gene 

One straightforward approach is suit- 
able for very small proteins. The amino 
acid sequence and the genetic code will 
predict a sequence of bases that can 
specify those amino acids. One can then 
chemically synthesize a corresponding 
DNA molecule. Exactly this was done 
by Keiichi Itakura and his co-workers at 
the City of Hope National Medical Cen- 
ter in Duarte, Calif., who constructed a 
DNA sequence 42 bases long that dic- 
tates the structure of somatostatin, a 
small hormone consisting of 14 amino 
acids. The longer the stretch of DNA, 
however, the harder it is to make; the 
synthesis of a stretch of DNA 100 bases 
long is extremely difficult. Many small 
hormones consist of from 50 to 100 ami- 
no acids, and enzymes and other pro- 
teins range from 200 to several thou- 
sand amino acids in length. Further- 
more, one does not know the amino 
acid sequence of many interestmg pro- 
teins. (Indeed, the amino acid sequence 
of some of these proteins has become 
available only through the sequencing 
of cloned DNA.) 

The desired structural gene is present, 
of course, somewhere on the DNA of 
the animal cell. The problem is to find 
it, but even if that were possible, the 
structural information would be broken 
up (as we mentioned above) by long 
stretches of other DNA, The informa- 
tion does exist in a continuous form, 
however, on the messenger RNA. More- 
over, different cells specialize in the syn- 
thesis of different proteins, so that the 
appropriate tissue will contain the de; 
sired messenger RNA along with other 
messengers for the common proteins 
made by all cells. Insulin, for example, 
is made by the beta cells of the pan- 
creas; those cells contain insulin messen- 
ger RNA and other cells do not, even 
though the insulin gene is present in the 
DNA of every cell. 

The task is then to convert the desired 
structural information from the cell's 
messenger RNA into DNA, which can 
be cloned. For this one takes advantage 
of a special enzyme, reverse transcript- 
ase, that can copy a single strand of 
RNa to make a complementary strand 
of DNA. (The enzyme is found in cer- 
tain RNA viruses that reverse the nor- 
tnal DNA-to-RNA transcription. Such 
viruses depend on RNA rather than 
I^Na to carry their information from 
one cell to another and convert the RNA 




what happens here, drop us a line. 



THE MOORE COUNTY JAIL is only one 
of the sights you'll see in Lynchburg, Tennessee. 

There's a lunchroom called the White Rabbit 
that used to be a turn-of'the-century saloon. 
There's a store where they sell walking-sticks, 
whittling kits and Tennessee hams. And 
naturally there's Jack Daniel Distillery 
where smooth-sippin' Tennessee Whiskey 
is made. If you're coming this way, 
we hope you'll spend time in all our 
nice places. Excepting, of course, the 
Moore County Jail. 

Tennessee Whiskey • 90 Proof • Distilled and Bottled by Jack Daniel Distillery, 
Lem Motlow Prop., Inc., Route 1, Lynchburg {Pop. 361), Tennessee 3735Z 
Placed in the National Register of Historic Places by the United States Government. 
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back into DNA with the help of reverse 
transcriptase after they infect a new 
cell) One takes this strand of comple- 
mentary DNA, called copy DNA. and 
makes a second strand of DNA with 
the more usual DNA-copying enzyme. 
The resuhing double-strand cDN A frag- 
ments are more or less complete copies 
not only of the desired messenger RNA 
but also of all the other messenger 
RN A's that were present in the tissue. At 
best, however, only a few of the DNA 
fragments contain all the wanted struc- 
tural information. Even in those frag- 
ments the regulatory signals that sur- 
round the structural sequences refer to 
translation in the animal cell, not in bac- 
teria, and (since the DNA was made 
from RNA) there will be no transcrip- 
tional commands. Although the cDNA 
can be cloned, two problems remain: to 
detect any clones containing the sought- 
after structural DNA fragment and to 
provide the appropriate signals. 

Finding the Right Clone 

It is simple to find the right clone if the 
experiment began with a pure messen- 
ger RNA. One can detect matching se- 
quences by the process called hybridiza- 
tion. The two strands of a DNA mole- 
cule can be separated by heating, which 
breaks the weak bonds that hold the two 
strands together without breaking the 
strong chemical bonds between bases 
along the chain. When a mixture of such 
strands is cooled, those sequences that 
match will find each other. The first 
step of this process is called denatura- 



tion, the second step reannealing. The 
same process serves to identify sequence 
matches between RNA and DNA. 

One grows bacterial colonies on a disk 
of cellulose nitrate paper, breaks open 
the bacterial cells where they lie and fix- 
es the released DNA to the paper. When 
the DNA is denatured and reannealed to 
radioactive RNA, only the remains of 
those colonies that contained a plasmid 
whose sequence matches the messenger 
become radioactive. Since one keeps a 
replica (a living duplicate set of the colo- 
nies), one can obtain bacteria containing 
the desired DNA. One grows these bac- 
teria to provide material to identify, in 
further hybridization tests, other clones 
that contain the same sequence in differ- 
ent surroundings and may turn out to be 
more effective in producing the wanted 
protein. 

If one cannot purify the messenger 
RNA because the specific messenger is a 
small fraction of all the messengers in a 
cell, there are other ways to search for 
the DNA sequence. One useful property 
is the detailed shape of the correspond- 
ing protein molecule. Those shapes that 
are most different and distinctive can 
be recognized by the protein molecules 
called antibodies. Animals make anti- 
bodies as part of their protective re- 
sponse to foreign substances. If one in- 
jects human insulin into a guinea pig, 
for example, the guinea pig will make 
antibodies that bind to human insulin. 
These antibodies will not bind to guinea 
pig insulin because they ^'see" only the 
shapes that make the human protein dif- 
ferent. A purified antibody, then, can 
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serve as a reagent to detect a particular 
protein. (This is the way vaccines work. 
If an animal is injected with an inactivat- 
ed virus, it is stimulated to make anti- 
bodies against the viral proteins. There- 
after the antibodies will protect the ani- 
mal against infection by that virus by 
binding to the virus particle and signal- 
ing other cells to remove the invader. 
Without the earlier stimulation the anti- 
body response to the invading virus is 
too slow to block the infection.) 

Even without purifying a specific 
messenger RNA one can make the RNA 
molecules function in the test tube by 
adding the machinery needed to trans- 
late the messengers (obtained from the 
cytoplasm of broken cells) along with 
radioactive amino acids. Among the 
small amounts of radioactive proteins 
that are synthesized one can recognize 
the protein of interest with antibodies. 
This provides a means of detecting the 
presence of a specific messenger. If one 
takes a recombinant plasmid and hy- 
bridizes it to the mixture of RN A's, only 
the RNA that matches a sequence in 
the plasmid will anneal to it and there- 
fore no longer function in translation; 
the plasmid of interest is detected by its 
ability to block the synthesis of the de- 
sired protein. This identification can be 
verified because the RNA bound to the 
DNA can be separated from all the oth- 
er RNA's and then released from the 
DNA, whereupon it will function to di- 
rect the synthesis of the protein. 

Regulatory Signals 

With these techniques one can clone 
and identify DNA fragments carrying 
the information that dictates the struc- 
ture of a protein. Will the information 
work in bacteria? 

One must provide regulatory signals 
the bacterium can use. One of them is 
the signal to start the synthesis of a mes- 
senger RNA; in bacteria it is a region of 
DNA immediately in front of the seg- 
ment of DNA that will be transcribed 
into RNA. The second important signal 
functions as part of the messenger RNA, 
telling the bacterial translation machine 
to "Start here." All bacterial genes have 
these two kinds of start signals {some of 
which work better than others). They 
also have two stop signals, one for trans- 
lation and one for transcription. A sim- 
ple way to make the new protein se- 
quence is to cut a bacterial gene open 
in its middle with a. restriction enzyme 
and to insert the new DNA there. This 
results in a hybrid protein that starts 
out as some bacterial protein and then 
continues as the string of amino acids 
one wants. That is how the chemically 
synthesized gene for somatostatin was 
made to work in bacteria. The DNA 
for those 14 amino acids, followed by a 
stop signal, was inserted near the end 
of a 1,000-amino-acid protein. After the 
bacterium made the hybrid protein the 
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CLONE CONTAINING DESIRED DNA 
the successfully transformed cloues U) ''^ y.^ 
hridization if one has a pure messenger-RNA probe for tne 
^qu^cri^e cells are broken open and their DNA is denatured and 



fixed to filter paper (2). The RN A probe (RN A molecules labeled with 

DNA whose sequence it matches, formmg BNA-DNA hybrids W, 
the remainder of the RNA is washed away. The presence ot the hy 



somatostatin part was cleaved off chem- 
ically and purified. 

Not only can the bacterial gene serve 
to provide the regulatory signals but 
also it may endow the hybrid protem 
with further useful properties. For ex- 
ample, a few bacterial proteins are se- 
creted through the membrane that sur- 
rounds the cell. If one inserts the aniirial 
DNA into the gene for such a protein, 
the bacterial part of the hybrid protem 
will serve as a carrier to move the new 
protein through the membrane so that it 
is more easily observed and purified. 

We exploited all the techniques de- 
scribed above to obtain a copy of the 
insulin gene and to insert it into bacteria 
to make proinsulin. Insulin is a small 
hormone made up of two short chains, 
one chain 20 amino acids long and the 
other 30 amino acids long. These two 
chains are initially part of a longer cham 



DNA FROM 
CLONE NO. 1 



of 109 amino acids, called prepromsu- 
lin. As preproinsulin is synthesized m 
the beta cells of the pancreas, the first 23 
amino acids of the chain serve as a sig- 
nal to direct the passage of the molecule 
through a cell membrane. As this hap- 
pens those amino acids are cleaved off, 
leaving a chain of 86 amino acids: prom- 
sulin. The proinsulin chain folds up to 
bring the first and last segments of the 
chain together, and the central portion is 
cut out by enzymes to leave insulin. The 
role of the central portion is to align the 
two chains comprising insulin correctly. 
If the two chains are taken apart later, 
they do not reassemble easily or effi- 
ciently. (In spite of these difficuhies 
Itakura and his co-workers synthesized 
two DNA fragments corresponding to 
the two chains of human insulin and 
attached them separately, like somato- 
statin, to the same large bacterial gene in 



order to synthesize two separate hybrid 
proteins in two different bacteria. Then 
they cut off the two short pieces, purified 
them and put them together to form in- 
sulin.) 

The Proinsulin Experiment 

In our experiments we started with 
a tumor of the insulin-producing beta 
cells of the rat. (We worked with rat in- 
sulin because at the time we began our 
experiments the guidelines established 
by the National Institutes of Health for 
recombinant-DN A investigations would 
not allow us to insert the human insulin 
gene into bacteria; that prohibition has 
since been removed.) 

We made DNA copies of the beta-cell 
messenger RNA and put them into a 
plasmid, in the middle of a gene for 
a bacterial protein, penicillinase, that 



DNA FROM 
CLONE NO. 2 




A • ♦ 



HYBRID-ARRESTED TRANSLATION, a technique developed by 
Brvan Roberts of the Harvard Medical School, identifies a 
containing the desired DNA even in the absence » P""^'^ 
probe. DNA from clones being tested (7) is ^^n^t-'^f t^>- ""f-??.^. 
RNA (the same BNA used to make the inserted DNA) is added (J), rt 
anneals to any matching DNA. Placed in a "translation system con- 
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taining radloacUvely labeled amino acids (4), the unhybridized RNA 
directe the synthesis of radioactive proteins, but the hybnd.zed RNA 
cannot be translated; the specific protein {color) encoded by the de- 
sired DNA is not synthesiied in the presence of the clone containing 
that DNA (5). The presence or absence ot that protein B determined 
by an antibody test. Antibody to the protein, fixed to plastic beads, 
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brids is revealed by antoradiography: a photo- 
oraphic emulsion is placed on the Biter paper 
and after exposure the clone containing the 
desired DNA is identified as a dark spot (5). 



would be secreted through the mem- 
brane of the bacterial cell. We looked 
among the bacteria) colonies by hybridi- 
zation, we proved that we had the right 
hybrid plasmid by blocking the syn- 
thesis of insulin in a test tube as we 
described above and we sequenced the 
DNA to see exactly what part of the 
insulin gene we had. Once we had found 
one hybrid plasmid, we used it to find 
48 more by repeating the hybridization 
test. These 48 clones represented 2 per- 
cent of all the clones we had made. 

Would any of those clones actually 
synthesize insulin? We looked among 
the clones containing insulin DNA for 
any that were synthesizing a hybrid pro- 
tein part of which was proinsulin. For 
this we relied on a sensitive radioactive- 
antibody test. We coated plastic disks 
with antibody directed against either in- 
sulin or penicillinase and exposed them 






is added and binds the protein, precipitating 
the protein out of the solution (tf), which is 
poured off (7). Measurement o£ the precipi- 
tates' radioactivity (S) shows that one clone 
{topi contains the desired DNA, because it 
blocked the synthesis of the specific protein. 



' It 



hill 



Ujy^ii^if%cjirw^c put arm; 



'5- 
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to the contents of cells from each clone. 
Any insulin (or penicillinase) present in 
the cells binds to the antibody and is 
thereby fixed to the plastic disks. Then 
we applied radioactively labeled anti-in- 
sulin antibody to detect the presence of 
proteins with insulin shapes. One clone 
gave positive responses, both on disks 
coated with anti-insulin and on those 
coated with antipenicillinase, to radio- 
active antibody to insulin, thereby dem- 
onstrating the presence of a penicilhn- 
ase-insulin hybrid protein. 

To see if the bacteria were secretmg 
the hybrid protein we grew the clone in 
liquid culture and tried to extract the 
protein by a method that does not burst 
the bacterial cell membrane. The test 
showed the fused protein to be present 
outside the membrane: it was secreted, 
as we had hoped it would be. 

Sequencing the DNA showed that the 
DNA fragment and the details of the 
fusion were such that the structural in- 
formation in the clone was only for pro- 
insulin and did not contain the "pre" 
region. In order to make insulin we re- 
moved most of the bacterial protein 
and the middle segment of the proinsu- 
lin with the digestive enzyme trypsin. 
Would the insulin made from the bacte- 
ria be an active hormone? Stephen P. 
Naber and William L. Chick of the El- 
liot P. Joslin Research Laboratory m 
Boston tested the molecule by showing 
that it affected the metabolism of sugar 
by fat cells, as it should. 

Improving the Yield 

The amount of proinsulin made by 
the original clone was very small; we are 
currently engaged in various manipula- 
tions to improve the yield. Regulatory 
signals must be not only efficient but 
also optimally placed. One need not be 
satisfied with the signals that happen 
to surround preexisting bacterial genes. 
With restriction enzymes one can clip 
out small DNA fragments that carry 
only the regulatory signals and tic them 
together with a DNA-linking enzyme to 
make new combinations. One can trim 
back the ends of these fragments by nib- 
bling off bases with still other enzymes 
before reconnecting them. This will al- 
ter the spacings between the signals and 
the structural sequence. Although each 
of these manipulations generates only a 
small number of correct molecules, by 
I cloning after each step one can make 
i large amounts of the DNA and work out 
its sequence, and then continue the tin- 
kering. 

Moreover, one can synthesize short 
desired DNA sequences and tie them to 
other fragments. For example, David V. 
Goeddel and his co-workers at Genen- 
tech. Inc., took a piece of DNA con- 
taining the structural information for 
human growth hormone (168 amino ac- 
ids), connected it to a synthetic piece of 
DNA containing part of the translation- 



al start signal and attached that combi- 
nation in turn to a fragment contammg 
the rest of the regulatory signals. When 
this DNA construction was cloned, the 
bacteria made a protein of the shape (as 
recognized by antibodies) and size of 
growth hormone (although not yet with 
demonstrated hormone activity). 

Although we do not yet know the op- 
timal combinations of the DNA ele- 
ments for making insulin in bacteria, 
finding them is only a matter of time. 
There are other problems to be consid- 
ered. Often the new animal proteins are 
broken down in the bacterial cell be- 
cause their structure is such that en- 
zymes normally present in the bacteria 
can digest them. Ways have to be found 
to stabilize the proteins either by remov- 
ing these enzymes, by embedding the 
new protein in a hybrid protein to pro- 
tect it or by secreting it from the cell. 
Messenger-RNA molecules themselves 
are often unstable within the cell; modi- 
fications in their structure and in the 
cell itself can make them more effective 
and lead to increased protein synthesis. 
And if the number of copies of the plas- 
mid carrying the gene in each cell can 

PLASTIC DISK 

/ 



be increased, more of the product will 

be made. - ,j r 

While we work to improve the yield oi 
rat proinsulin and to purify it we expect 
to apply the same methods to the bacte- 
rial synthesis of human insulin. Inves- 
tigators in other laboratories are also 
working on the problem, and one can 
hope that eventually the manufacture of 
human insulin by bacteria wUl be cheap- 
er than the purification of insulin from 
pigs and cattle, the present sources of 
the hormone. Clearly other human hor- 
mones can also be prepared by these 
procedures. What other therapeutic pro- 
teins might be made in bacteria? In gen- 
eral any human protein that cannot be 
obtained in useful form from animals is 
an excellent prospect. 

Other Proteins from Bacteria 

Many genetic diseases are caused by 
the lack of a single protein. Replace- 
ment therapy may be possible if such 
proteins can be made in bacteria. Vac- 
cines against viral or parasitic infections 
are a further wide class of possibilities. 
Today in order to make a vaccine one 

ANTIBODY AGAINST INSULIN 
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INSULIN ANTIGENS 
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AAxAAAAAAA^t^S^AA AAAAAAAAAAAAAAAAA 
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RADIOACTIVE-ANTffiODY TEST, developed by Stepharae Broome and ™ 
ttw^ (GUbert), is med to search among the bacterial clones containing n^ohn DNA f or sig.^ 
SSt ndeed being synthesized. A plastic disk coated with an anti-nsuUn anfaboJy « 
«Dos«i to the contents of cells from each done (i). Any insniin present in "lis .s 
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must be able to grow the disease organ^ 
in large amounts; often this is im- 
;o^sSle or dangerous. Furthermore tt>e 
vaccine must be rendered harmless be- 
fore it is administered, which can be dif- 
ficult. The new technology offers the 
chance to make in bacteria only the pro- 
tein against which the antibody response 

needs to be directed. This would elimi- 
nate any need to work ^-'th the intact 
disease organism. For example, the hep- 
atitis B virus, which causes serum hepa- 
titis cannot be grown outside the body. 
The only source of this small DNA virus 
is the blood of infected human bemgs. 
The DNA of the virus has now been 
cloned in several laboratories and its 
complete sequence has been worked 
out, revealing the structure of the viral 
proteins; now the proteins are bemg 
made in bacteria. A flood of new infor- 
mation has resulted from this work 

A particularly promising candidate is 
interferon, a protein cells make to block 
viral infections quickly. (The antibody 
response is much slower.) Interferon ap- 
pears to be the body's first line of de- 
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fense against vkuses. It "^^V ^1^° ^ave a 
therapeutic effect m some caiicers. Int^ 
feron has never been available m suffi- 
ciently large amounts, however, to de- 
SSe hoi effective U might real^be 

in protecting against disease. The ability 
to test the activities of human interferon 
will soon be a reality because the protem 
has now been made in bacteria. Weiss- 
mami, with his <^oUeagues Shigekazu 
Nagata, Hideharu Taira, Alan Hall. 
Lorraine lohnsrud. Michel Streuli, Jo- 
sef Ecs6di and Werner Boll, along with 
Kari CanteU of the Finnish Red Cross, 
applied many of the techniques we have 
described to clone and to express this 
protein. The problem they faced was 
that the messenger RNA for interferon 
is far rarer than the one for insulin, even 
in white blood cells that have been stim- 
ulated by infection with a virus to make 
interferon. They took inessenger RNA 
from these white blood cells (17 liters at 
a time), made double-strand cDNA and 
cloned it by the procedures we have de- 

^'^They looked through some 20,000 
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t^o engines conferring Stttr^nld by DnI sequencing, of the recom- 

Pst. The nerf map (W sho>« ^^^'^^f'.^^^'^^'^i^unn. The proinsuUn s.quenee icol- 
bi.«nt plasmid in th. bacterial clone that ^"th^J^ fJ™^ertion process. The hybrid protem 
or) lies between two Pst sites that «ere "Sf"!^*^'^^^ *^i'^^„a the proi„s»U« molecul. 
synthesized by the clone (c) "™P''^,f,"^°^„t*xh;^^^^^^ cut a^ay most of the peniciUin^e 
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clones (in batches) by hybridizing the 
plasmid DNA from the clones to the 
messenger RNA of the white bltwd 
S Sting the RNA that annealed 
and checking the RNA to see if it was 
able to direct the synthesis of interfer- 
on (not in the test tube but by mjecting 
die RNA into a particularly large cell, 
a froe's egg). Fortunately interferon is 
a remarkably potent .^ub^^f ^"^^^^ 
the amount synthesized m the frog s egg 
could be detected by its ability to protect 
cells aaainst viruses. 

OnS Weissmami and his colleagues 
had found a batch of clones that could 
hybridize to interferon messenger KNA 
they tested progressively smaller groups 
of Lose clones to find the correct one^ 
Then, with that done as a probe, they 
found other clones by means of hybrid- 
ization testing. Finally they tested ex- 
tracts of the bacteria carrymg the inter- 
feron DNA (inserted into the penicillin- 
ase gene) directly to see if any of the 
bacterial clones made biologically active 
interferon. A number of clones did, con- 
firming that the interferon structiuj 
DNA had been correctly identified The 
sequencing of the DNA of those clones 
will determine the structure, of interter- 
on, which is still not known. 

The amount of interferon made m the 
bacteria was extremely ^^f: only one 
or two molecules Per^ceH- (Bac erial 
proteins are usually made in from 1,000 
to 100.000 copies per cell.) We are confi- 
dent that the methods we have described 
will solve this problem and lead to Uie 
production of enough interferon for 
clinical tests. 

The Recombinant-DNA Debate 

The development of the genetic-engi- 
neering techniques described in this arti- 
cle was greeted, over the past decade, 
with both excitement and alarm. The 
possible benefits of the techniques were 
obvious, but some people felt there was 
reason for concern. Biologists called for 
an evaluation of the possible hazards of 
this research; the result was an unprece- 
dented national and international effort 
in which the public, governments and 
the scientific community joined to moni- 
tor research activities. New knowledge 
about the properties of genes and the 
behavior of the bacteria used in ttus 
work (usually Escherichia coli) has led to 
a steady lessening of these concerns and 
to a relaxation of the guidelmes that 
once restricted such experiments. In ret- 
rospect, with the advantage of hmdsight, 
the concerns about hypothetical haz- 
ards seem to have been unwarranted. 
We know of no adverse effects from 
this research. The great potential of the 
new techniques, both in promotmg the 
growth of basic knowledge and m mak- 
ing possible the synthesis of products of 
direct benefit to society, is much closer 
to realization than seemed likely only a 
few years ago. 
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Proc. Japan. Acad.. S5, Ser. B (1979) [Vol. 55(B), 

90. Construction and Identifkation of a Bacterial 
Plasmid Contcdmng the HumAn Fibroblast 
Interferon Gene Sequence 

By Tadatsugu Taniguchi,*' Masaharu Sakai,*' 
Yoshiaki Fujii-KURIYAMA,*> Masami Mukamatsu,*' 

Shigeyasu Kobayashi,**' and Tetsuo Sudo***' 
(Communicated by Toshio KUROKAWA, m.j.a., Nov. 12, 1979) 

Introduction. Interferons are species specific glycoproteins 
(Weil and Dorner, 1973) which are produced by various cells upon 
induction with viruses and double-stranded RNAs" as wel as other 
compounds, imparting an antiviral state in the recipient cells (Isaacs 
and Lindenmann, 1957). Beside their antiviral function, other multi- 
ple functions such as antitumor and anticellular functions have been 
described (see The Interferon System, 1977 for reviews) . Interferons 
produced in cultures of human buffy coat cells and in human fibro- 
blasts exhibit a number of distinct properties (Havell et al, 1975; 
Berg et al., 1975; Gresser et al, 1974; Vilcek et al, 1977) , suggesting 
that leucocyte interferon and fibroblast interferon are different pro- 
teins coded for by distinct structural genes (Cavalieri et al, 1977). 

A number of attempts have been made for physical and chemical 
characterization of the interferon molecule and for its clinical inves- 
tigation. However, mainly due to the low amount of this protein 
produced by the cell, it is as yet difficult to obtain sufficient quantities 
of purified interferon for these studies. 

One approach to solve the problem appears to be the use of recom- 
binant DNA technology. As has been the case for many proteins, 
cloning of the gene coding for interferon will provide a defimtive 
answer to the molecular structure of this protein as well as the 
organization of the gene. In addition, with the aid of gene manipula- 
tion cloned DNA may serve as a potent interferon producer m bac- 
terial or in cognate host. Here, we present evidence for successful 
construction of a hybrid plasmid DNA containing a human fibroblast 
interferon gene sequence. 

Materials and methods. Human foreskin fibroblast strain DIP2, 
a high interferon producer, has been isolated by us. Superinduction 

Department of Biochemistry, Cancer Institute, Japanese Foundation for 

Cancer Research, Tokyo. 

Basic Research Laboratories, Toray Industries, Inc., Kamakura. 
***> The Tokyo Metropolitan Institute of Medical Science, Tokyo. 
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j^o^ 9] Human Interferon Gene 

of the cells by Poly (I) : (C) and cycloheximide, and isolation of total 
cytoplasmic mRNA were carried out essentially as described (Sehgal 
et al, 1978). Synthesis of double-stranded cDNA (Maniatis et al, 
1976), transformation of Escherichia, coli t 1776 by pBR322-cDNA 
hybrid (Enea et al, 1975) and detection of the specific recombinant 
DNA by in situ colony hybridization (Grunstein and Hogness, 1975) 
were performed essentially according to the published procedures. 
Preparation of plasmid DNA was according to the procedure of 
Currier and Nester (1976) with some modifications. Trapping of the 
mRNA-DNA hybrid on nitrocellulose filter (Nygaard and Hall, 1963) 
and elution of the mRNA from the filter (Harpold et al, 1978) were 
carried out essentially as described. Microinjection of mRNA into 
Xe^io^ms oocytes was performed according to Gurdon et al. (1971). 
The interferon activity was determined following the procedure of 
Suzuki et al. (1974). 

Results and discussion. Total cytoplasmic RNA was extracted 
from human fibroblast DIP2 cells after four hours induction by poly 
(I) ■ (C) in the presence of cycloheximide and poly (A) containing 
mRNA was isolated by oligo (dT) -cellulose affinity chromatography. 
Starting from 1.5xl0« cells, 250 fig of poly (A) containing mRNA 
was obtained. After fractionation of the mRNA with a 5^-25% 
sucrose gradient centrifugation into 20 fractions, small portion of the 
mRNA from the fractions around 12S region was injected into 
Xen&pus oocytes and interferon activity was determined as described 
in Materials and methods. 

Table I. Interferon mRNA activity in the fractions from 
sucrose gradient 



Fraction No. 


Interferon activity (units/ml) 


9 


<50 


10 


44 


11 


550 


12 


52 



ENA from sucrose gradient (input 250 /lig) was 
precipitated, dissolved in 20 M HaO and an aliquot 
(about 0.2 fiV) was injected into Xenopus oocytes as 
described (Gurdon et al, 1971). Interferon activity 
was measured according to Suzuki et al. (1974). 

As shown in Table I, the highest interferon mRNA activity was 
detected in fraction 11. This fraction contained about 5 fxg of mRNA 
(termed "interferon mRNA" here) , which v^ras used as the template 
for cDNA synthesis. About 1.5 fig of double-stranded cDNA was 
synthesized, elongated with dAMP residues, then hybridized with 
EcoRI-cleaved, dTMP-elongated pBR322. This hybrid DNA was used 
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to transform E. coli strain x 1776 in the P3 laboratory of Cancer In- 
stitute and colonies containing the hybrid plasmid DNA were selected 
on agar plates containing ampicillin (20;.g/mi). Efficiency of the 
transformation was about 1.5x10^ colony///g cDNA. For the first 
screening, 3600 colonies were picked up and transferred on grid- 
meshed nitrocellulose filters in triplicate. After the colonies had grown 
on the filters, DNA from duplicate filters was fixed for m situ colony 
hybridization (Grunstein and Hogness, 1975). Colonies grown on the 

third filter were kept at 4°G. 

For colony hybridization, two kinds of B^P-labeled cDNA probe 
were prepared as follows. First, partially purified "interferon mRNA 
(6 .g) was prepared as described above and B2p4abeled cDNA synthe- 
sized (0.45 f^g, specific radio activity: 6xl0« c.p.m./ ^g). After remov- 
ing the template RNA by alkali treatment, cDNA was hybridized with 
about 50 fold excess of mRNA prepared from mock-induced cells incu- 
bated for four hours in the presence of cycloheximide. Non-hybridized 
cDNA consisting of about 10% of the total radioactivity was sepa- 
rated from mRNA-cDNA hybrid by hydroxyapatite column chro- 
matography and this cDNA was used as probe A. After alkah treat- 
ment to remove mRNA, cDNA which had hybridized with mRNA was 
used as probe B. Both probe A and probe B were separately hybridized 
with colony DNA fixed on nitrocellulose filters (Grunstein and Hog- 
ness, 1975) . Colonies hybridized with probe A but failed to hybridize 
or hybridized much less with probe B were screened by autoradiogram. 
Four colonies, nos. 319, 644, 746 and 3578, were in this category 
(Table 11), 

Table 11. Colony hybridization of the cDNA clones with 
different cDNA probes 

Ampicillin resistant colony Extent of hybridization 

probe A probe B 



no. 319 + + + + + + 

no. 644 + + + + 

no. 746 ++ ~ 

no. 3578 + + + + + + 



Colony hybridization was done according to Grunstein and 
Hogness (1975). Extent of hybridization was determined by 
visual inspection of the autoradiogram. 

For the second screening, these four colonies were grown in 
liquid media and each recombinant plasmid DNA was prepared as 
described in Materials and methods. 5 /.g of each recombinant plasmid 
or pBR322 DNA was llnealized by Hind 111 digestion, denatured, and 
then hybridized with the "interferon mRNA" (2.5 ^g) under the con- 
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No. 9] Human Interferon Gene 

ditions where RNA-DNA hybrid could be formed whereas DNA 
renaturation was negligible (Casey and Davidson, 1977; details to be 
published elsewhere). After 4hrs of hybridization, single-stranded 
plasmid DNA whose cDNA part should have been hybridized with 
complementary mRNA was trapped on nitrocellulose filter (Nygaard 
and Hall, 1963) and hybridized mRNA was eluted from the filter 
(Harpold et at, 1978). After oligo (dT) -cellulose column chromato- 
graphy to remove possible contaminants such as DNA, mRNA was 
microinjected into frog oocytes to determine the interferon mRNA 
activity. As shown in Table III, mRNA hybridized with the recom- 



Table III. Hybridization-translation assay with interferon 
mRNA and various recombinant DNA 



Plasmid DNA 


Interferon activity '(units/ml) 


from no. 319 


360 


from no. 644 


<10 


from no. 746 


15 


from no. 3578 


<10 


pBR322 


<10 



■ "Interferon mRNA" was hybridized with linealized, 
denatured plasmid DNA and the hybrid was trapped 
on nitrocellulose filter. ENA was eluted, chromato- 
graphed on an oligo (dT)-cellulose column, then injected 
into frog oocytes for interferon synthesis. Interferon 
activity was measured as described in Materials and 
methods. 

tinant plasmid DNA from clone no. 319 gave rise to interferon syn- 
thesis whereas mRNA hybridized with the other plasmid DNA in- 
cluding pBR322 failed to synthesize interferon in frog oocytes. When 
the same amount of "interferon mRNA" as that used for hybridiza- 
tion was incubated as a control under the same conditions without 
DNA, chromatographed on the oligo (dT) -cellulose column and in- 
jected into oocytes, approximately 1000 interferon units per ml equiva- 
lent was synthesized. Since about 50% of the DNA (i.e. mRNA-DNA 
hybrid) can be trapped on the filter under our conditions, interferon 
mRNA must have hybridized with clone no. 319 DNA at an efficiency 
of about 12% of the input or even higher (Table III) . 

In the next experiment, double amount of the mRNA and plasmid 
DNA from clone no. 319 as those used in the previous experiment was 
mixed in the hybridization solution and a half portion of the mixture 
was immediately withdrawn for filter trapping (zero time) and the 
rest was allowed to hybridize for 4 hrs. Interferon mRNA activity 
in the ENA trapped on the filter was determined as described above. 
The interferon activity at zero time and after 4 hrs incubation was 
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<30 units/ml and 150 units/ml, respectively. 

These results thus indicate that the recombinant plasmid DNA 
from clone no 319, named TpIF319, contains the sequence for the in- 
terferon mRNA. We have also observed that when TpIF319 DNA 
was hybridized with a mixture of "interferon mRNA" and rabbit 
globin mRNA, interferon mRNA activity but not globm mRNA 
activity was detectable from the filter-trapped RNA, whereas an 
opposite result was obtained when TpIF319 DNA was replaced with 
pBR322 DNA containing rabbit jS-globin gene insert. In addition, 
both mRNAs were trapped on the filter when two of the recombinant- 
plasmid DNA were present in the hybridization mixture (to be pub- 
lished elsewhere). 

In conclusion, we have repotred in this paper the construction of 
the recombinant plasmid DNA which contains human fibroblast inter- 
feron gene sequence. The method for the identification of the specific 
recombinant which we employed in this paper should be applicable 
for the cloning of any kind of gene which is expressed in even smaller 
amount in the cell, provided that the mRNA translation product can 
be identified. The recombinant plasmid we have constructed will be 
useful not only for defining the hitherto unknown structure of the 
interferon gene but also for the attempts of the mass production of 
this protein. 
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ABSTRACT A collection of hybrid circular DNAs was 
constructed in vitro using the poly(dA-dT) "connector" method; 
each hybrid circle contained one molecule of poly(dT)4ailed 
DNA of plasmid CotEl (made linear by digestion with £coRI 
endonuclease) annealed to a poly(dA)-tailed fragment of yeast 
(Saccbaromyces cerevisiae) DNA, produced originally by 
shearing total yeast DNA to an average size of 8 X 10^ daltons. 
This DNA preparation was used to transform E. coli cells, se- 
lecting colicin-El-resistant clones that contain hybrid ColEl- 
yeast DNA plasmids. Sufficient numbers of transformant clones 
were obtained to ensure that the hybrid plasmid population was 
representative of the entire yeast genome. Various hybrid 
ColEl-yeast DNA plasmids capable of complementing E. coli 
auxotrophic mutations were selected from this population. 
Plasmid pYe/eu 10 complements several different point or de- 
letion mutations in the £. co/i or S. typhimurium leuB gene 
(/3-isopropylmalate dehydrogenase); plasmids pYe/eull, 
pYe/eiil2, and pYe/eul7 are specific suppressors of the leuB6 
mutation in £1 coli C600. Plasmid pYebis2 complements a de- 
letion in the E coli bisB gene (imidazole glycerol phosphate 
dehydratase^ Complementation of bacterial mutations by yeast 
DNA segments does not appear to be a rare phenomenon. 

A key question invoked by the recent discovery of methods to 
biochemically construct recombinant DNAs concerns the ability 
of fragments of eukaryodc DNA inserted into plasmid or phage 
vectors to be expressed meaningfully in a bacterium such as 
Escherichia coli. In order for expression to occur, components 
of the bacterial cell must transcribe the sense strand of the 
foreign DNA into mRNA and translate this mRNA into func- 
tional protein. In addition, further post-translational modifi- 
cations may also be required to obtain an active product. Major 
differences apparently exist between eukaryotes and prokar- 
yotes in several of these vital components and processes, such 
as the RNA polymerases, ribosomal subunits, translational 
initiation requirements, and post-transcriptional and post- 
translational modifications. 

Several laboratories have shown that transcription of cloned 
eukaryotic DNAs in E. coli can occur in a bacterial cell; how- 
ever, there is no evidence that normal transcription start and 
stop signals are recognized in the bacterial system (1-3). 
However, Struhl et at. (4) have recently shown that a segment 
of yeast DNA cloned on a phage vector can complement hisB 
mutations in E. coli, a strong indication that a functional gene 
product is being formed in this heterologous system. 

These considerations have also led us to use a sensitive assay 
for the expression of cloned eukaryotic DNA, the ability to 
suppress or complement bacterial auxotrophic mutations in 
vivo. Thus, it should be possible to detect a relatively low level 
of expression of a cloned eukaryotic gene by the relief of a 
metabolite requirement in a mutant bacterial strain. In addi- 
tion, a wide variety of E. coli strains containing mutations in 
known genes involved in amino acid and nucleotide biosynthesis 
are readily available, so that the generality of any complem- 

Abbreviations: Leu"*", leucine-independent; His'*', histidine-indepen- 
dent. 



entation phenomena coiJd be established. We also have selected 
DNA from an organism {Saccharomyoes cerevisiae) that has 
many biosynthetic pathways in common with E. coli. Because 
the size of the yeast genome is only 2-3 times that of E. coli (5), 
the number of different recombinant plasmids that we would 
need to screen in order to cover the entire genome would not 
be excessively large (6). 

Using the poly(dA-dT). "connector" method (7, 8) to join 
randomly sheared yeast DNA segments to plasmid ColEl DNA 
(Lri), we have isolated and characterized ColEl-yeast DNA 
recombinant plasmids that can complement leuB and hisB 
mutations in E. coli. The frequency with which the interspecies 
complementation is observed suggests that it is not a rare phe- 
nomenon. 

METHODS 

Bacterial Strains. The recipient for transformations with 
poly(dT)-tailed ColEl DNA (Lri, indicating linear, generated 
by digestion with endonuclease EcoRI) annealed to a collection 
of poly(dA)-tailed sheared yeast DNA was strain JA199 
{hsdM + hsdR- lacY- leuB6 AtrpES/F+l It was constructed 
by transducing strain MVIO (hsdM + hsdR + lacY~ leuB6 thr-1 
AtrpES) (9) to threonine independence with Pike phage grown 
on strain HB94 (hsdM + hsdR~ t/»r + ) as described by Wood 
(10). Strain KL380 (alaSS ara' argA- lacZ- leuB6 metE- 
recA~ strA~ ) was obtained from K. B. Low; strain K-12 
hisB463 from K. Struhl and R. Davis; E. coli strains CV512 
(leuA371/F+}, CV514 (leuB401/F+), CV516 (leuB61/F+), 
CV522 (leuC222/F+), CV524 (leuD211/F+), and Salmonella 
typhimurium strains leuA124, leuB698, leuC5076, and 
leuD657 were obtained from J. Calvo (11, 12). 

Media. LB broth, Vogel's, and Bonner's E media were used 
(13). Amino acids were added at 50 Mg/ml. YPD medium 
contained 2% peptone, 1% yeast extract, and 2% glucose. 

DNA Preparations. Covalently closed, supercoiled ColEl 
DNA was prepared as described (6, 14). Yeast DNA was isolated 
from strain X2180-1 A a (SC7C2 md gal2 CUPl ) (obtained from 
the Yeast Genetics Stock Center, University of California, 
Berkeley). Yeast cells were grown in YPD mediimi to an ODgoo 
of 7 and harvested by centrif ugation. Twenty grams of cells was 
resuspended in 10 ml of buffer containing 0.5 M Na4EDTA, 
0.01 M Tris-HCl (pH 7), and 10 ml of proteinase K (2 mg/ml 
in the same buffer at pH 9.5), and 18 ml of sodium N-lauroyl- 
sarcosinate (1% in the same buffer, pH 9.5) was added. The cells 
were broken at 20,000 pounds/inch^ (140 MPa) in a French 
pressure cell (American Instrument Co.). The lysate was then 
incubated at 50° for 12 hr. These buffers and the incubation 
procedure are described by Lauer and Klotz (5). The viscous 
lysate was extracted with redistilled phenol, and the DNA was 
precipitated by adding 2 volumes of ethanol and spooled out 
on a hooked glass rod. The DNA was further purified by iso- 
propanol fractionation (15), digestion with pre-heated pan- 
creatic RNase, phenol extraction, and a final isopropanol 
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fractionation. This DNA was used for the poly(dA)-tailing re- 
action. " 

DNAs from E. coli strain JA199 and its F" derivative JA194 
were prepared by standard procedures (14, 15). Cellular DNAs 
for reassociation experiments were banded in CsCl/ethidium 
bromide density gradients prior to use. 

Preparation of Recombinant ColEl-Yeast DNAs and 
transformation. Poly(dT)-tailed ColEl DNA (Lri) and pol- 
y(dA)-tailed sheared yeast DNA (average molecular weight = 
8 to 10 X 10^) were prepared as described by Clarke and Car- 
bon (6, 14). Annealing of the two DNAs in an equimolar ratio 
produced a preparation with 10% circles, 16% tailed circles, 61% 
linears, and 14% tangles (visualized by standard electron mi- 
croscopy). 

Twenty-five micrograms of this annealed DNA preparation 
was used to transform strain JA199 to colicin El resistance as 
desc^>ed by Clarke and Carbon (6), except that after the cells 
were diluted 10-fold with LB broth, they were grown for 90 
min at 37° before plating in the presence of colicin El. 

Isolation of Recombinant Plasmid DNAs. A modification 
of the Hirt extraction procedure (16) was used. Cultures were 
incubated in the presence of chloramphenicol (200 /tg/ml) to 
amplify plasmid for 16 hr, harvested, and treated with lyso- 
zyme/EDTA in the cold and lysed at room temperature with 
1% sodium dodecyl sulfate for 15 min. The lysate was then kept 
at 0° for 30 min or until it was thoroughly chilled. The chro- 
mosomal DNA was pelleted by centrif ugation of the lysate at 
19,000 rpm in the Sorvall SS-34 rotor for 30 min. The super- 
natant liquid was slowly decanted, diluted 2-fold with STE 
buffer (10 mM Tris-HCl, pH 8, 10 mM NaCl, 1 mM EDTA), 
and made 1 M in NaCl. Phenol extraction was carried out for 
20 min at 0°. The aqueous layer was removed, mixed with 2 
volumes of cold absolute ethanol, and kept at —20° for 2 hr. The 
precipitate was collected by centrifugation, and purified by 
ethidium bromide/CsCl banding. 

Labeling of Plasmid DNA and Reassociation Kinetics. 
DNA was labeled by nick translation with 30 deoxyri- 
bonucleoside triphosphates, [^H]dTTP (8.4 Ci/mmol), and 
pHJdATP (8.3 Ci/mmol) by the method of M. Dieckmann and 
P.. Berg (personal communication) as described by Schachat and 
Hogness (17). pYefeulO DNA was labeled to a specific activity 
of 2.4 X 10^ cpm/Mg and pYehis2 DNA to 2.2 X 10^ cpm/ 

The reassociation kinetics of plasmid DNAs at 65° in the 
presence and absence of various driver DNAs was measured 
by an SI nuclease assay as previously described (17, 18). 

Enzymes. EcoBI endonuclease and X 5'-exonuclease were 
isolated as described (14); DNA polymerase I was a gift from 
A. Kornberg and deoxynucleotidyl terminal transferase was 
from R. Ratliff . SI nuclease (200,000 units/mg) was purchased 
from Miles Laboratories, Inc. 

Biohazard Considerations. Although F-mediated transfer 
of ColEl-like plasmids provides a valuable tool for the identi- 
fication of complementing hybrid plasmids, the procedure 
converts normally non-transmissible plasmids into a state that 
permits ready tranrfer to other bacterial hosts. A recent revision 
(September, 1976) of the National Institutes of Health guide- 
lines specifically prohibits the cloning of foreign DNA in K-12 
hosts that contain wild-type conjugative plasmids. We have 
therefore discontinued the use of F-mediated transfer. Other 
procedures to detect complementation, such as isolation of 
hybrid plasmid DNA from F~ cells followed by transformation 
of suitable auxotrophic recipients, would appear to offer less 
risk of escape of the hybrids into the environment, and are in 
line with the current guidelines. 



This work was carried out under P2 laboratory conditions. 
All bacteria and DNA preparations were destroyed by auto- 
claving or exposure to Clorox solution before dis[)osal. 

RESULTS 

In order to set up a definitive test for the abiUty of any given 
eukaryotic gene system to be expressed and to complement an 
auxotrophic mutation in E. coli, the efficiency of the cloning 
procedure used must be hi^ enough to insure that transf ormant 
clones containing hybrid DNA plasmids are obtained in num- 
bers sufficient to be representative of the entire genome of the 
organism under study. In addition, it is preferable to use DNA 
segments produced by random scission (hydrodynamic shear), 
rather than by restriction endonuclease action, to ensure that 
the desired gene system remains intact on at least a portion of 
the cleaved DNA segments. For examj^, previous studies have 
shown that the use of the poly(dA-dT) "connector" method (7, 
8) to join randomly sheared E. coli DNA with linear ColEl 
DNA yields a preparation that will transform £. coli cells to 
colicin El resistance with high efficiracy, thereby establishing 
a collection of transfonntnants containing hybrid plasmids rep- 
resentative of the entire E. coli genome using only 10-15 /tg of 
annealed DNA (6, 14). 

A transformation of strain JA199 with 25 iigof poly(dT)- 
tailed plasmid ColEl DNA (Lri) annealed to poly(dA)-tailed 
sheared yeast DNA produced 190,000 colonies resistant to 
coUcin El. Since there was a doubling of ceQ numbers from the 
time of transformation to the plating the transf ormed^lls, 
this should represent 90,000 unique transf ormants. Plates from 
a control experiment in which cells were not exposed to DNA 
contained only a fifth as many colonies. Assuming that the 
haploid yeast genome contains 10^** daltons of DNA and that 
the sheared pieces of yeast DNA are 10' daltons in size, thrai 
only 4600 transformants would be necessary for a 99% pneba- 
bility that the pool of recombinant plasmids would contain any 
particular yeast DNA segment (6). Thiis, the large pool of 
transformants ensures that we have cloned essentially all of the 
yeast genome and that a random selection of a few thousand 
transformants would be representative of the genome. Ten 
clones that were colicin-El -resistant and E2-sensitive were 
picked at random and plasmid DNA was isolated. Eight of these 
yielded plasmid DNA that was larger than ColEl DNA. 

The colicin-resistant colonies were treated in three ways. A 
permanent bank of 4300 colonies was stored in 7% dimethyl- 
sulfoxide/LB broth cultures in microtiter dishes as described 
by Clarke and Carbon (6). Forty thousand colonies were also 
scraped off the plates and either plated out selecting for leu- 
cine-independent (Leu"*") cells on selective media, or used to 
isolate mixed plasmid DNA for subsequent transformations. 

Hybrid ColEI-Yeast DNA Plasmids That Complement a 
leuB Mutation. The leu-6 mutation present in E. coli strain 
JA199 and in all K-12 C600 strains is a lesion in the leuB gene, 
which encodes for /3-isopropylmalate dehydrogenase (J. Calvo, 
personal communication; ref . 19). This enzyme catalyzes the 
oxidative decarboxylation of /3-isopropylmalate to form a- 
keto-isocaproic acid, on the pathway of leucine biosynthesis in 
both E. coli and yeast. 

Portions of a suspension of 40,000 JA199 transformant 
colonies containing hybrid ColEl-yeast DNA plasmids were 
plated on minimal medium with tryptophan and without leu- 
cine and incubated at 30° . After 3-4 days, large and small Leu"*" 
colonies appeared at a frequency of 10~^. Several of the small 
colonies were selected and tested for resistance to colicins El 
and E2 <9). The plates were then further ^icubated at room 
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Fig. 1. Fractionation by 1.2% agarose gel electrophoresis of 
complete endonuclease EcoRl digests of various hybrid ColEl-yeast 
DNA plasmids; lanes a and f, phage X DNA; lane b, pYe/eu 10 DNA; 
lane c, pYe/eull DNA; lane d, pYeteul2 DNA; lane e, pYeteul? DNA. 
Each well contained 1 lig of DNA digested with excess endonuclease 
EcoRl as previously described (1, 8). Electrophoresis was carried out 
at 8 V/cm for 2 hr and the DNA was visualized as described (1). The 
sizes of the X fragments are (from the top, in daltons): 13.7 X 10^, 4.7 
X 10«, 3.7 to 3.5 X 106, 3,0 x lO", and 2.1 X lO". 

temperature for 2 weeks, after which time very small (1-2 mm) 
colonies appeared. Two of the intermediate-size Leu"*" colonies 
and 15 of the very small ones that were colicin-El-resistant and 
E^-sensitive were also tested for the ability to donate their Leu"*" 
character to strain KL380 on minimal medium containing ar- 
ginine, methionine, and streptomycin. All except one trans- 
ferred the Leu"*" character at a high frequency (10~''-10~^ per 
donor cell). The Leu"*" recipients were also coUcin-El-resistant 
and E2-sensitive, an indication that hybrid ColEl plasmids had 
been transferred (9). 

Covalently closed, supercoiled plasmid DNA was isolated 
from the 16 Leu"*" colicin-El-resistant transformants described 
above. The purified plasmid DNAs were treated with excess 
endonuclease EcoRl and the digests were fractionated by 
electrophoresis on 1.2% agarose gels. Four different patterns 
of £coRI restriction fragments were observed among this group 
(Fig. 1). Plasmid DNA (pYefeulO) from the fastest-growing 
Leu"*" transformant gave a unique fragment pattern, quite 
different from that displayed by any of the slower-growing 
transformants. The majority of the latter group gave the re- 
striction pattern shown by pYefe«12 DNA, although two other 
plasmid types were obtained, as typified by pYefeull and 
pYefeul? (Fig. 1). These.four plasmids are of different sizes, 
with molecular weights ranging from 8.9 X 10^ to 13.5 X 10^ 
(see Table 1). None of the EcoRI fragments obtained from this 
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Table 1. Transformation of /B. coli auxotrophs by 
ColEl— yeast hybrid plasmids 



Transformants/jug DNA 
Molecular 



Plasmid 


weight 


Allele 


Colicin-El 


Leu"*" or 


DNA 


X 10-' 


transformed 


resistant 


His+* 


p le/cmi) 


13.5 


leuB6 


270,000 


310,000 






leuH4ul 


21,000 


24,000 






leuBSl 


2fi 000 


16,000 


pYe/eull 


8.9 


leuB6 


70,000 


3 900 






leuB401 


140^000 


0 






leuB61 


42,000 


0 


pYe/eMl2 


10.3 


leuB6 


70,000 


7,600 






leuB401 


17,000 


0 






leuB61 


8,800 


0 


pYe/eul7 


13.2 


leuB6 


70,000 


7,500 






leuB401 


73,000 


0 






leuB61 


18,000 


0 


pYehisl 


10.7 


hisB463 


15,000 


1,300* 


pYehis2 


10.7 


hisB463 


26,000 


1,700* 


pYehis3 


10.7 


hisB463 


26,000 


1,900* 



These data have been corrected for the presence of both sponta- 
neous Leu"*" revertants and colicin-El-resistant mutants. Molecular 
weights were determined by electron microscopy using ColEl DNA 
(4.2 X 106) as standard. 
* Histidine-independent transformant. 



plasmid group appear to be identical, although in each case the 
largest fragment is presumed to contain the 4.2 X 10® dalton 
ColEl segment. 

These plasmid DNAs (pYefeulO, pYefeull, pYefeMl2, and 
pYe/eu 17) were used to transform three different E. coli leuB 
mutants, selecting for either Leu"*" or colicin El resistance. As 
shown in Table 1, plasmid pYe/eulO DNA is capable of trans- 
forming all of the leuB mutants {leuB6, leuB61, and leuB401) 
(11) to both Leu"*" and colicin El resistance with high frequency 
(>10^ transformants per /tg). Although the other three plasmid 
DNAs would readily transform all of the leuB strains to colicin 
El resistance, these plasmids would complement only the 
mutation in leuB6 (Table 1). pYeteulO DNA is not capable of 
transforming to Leu"*" strains bearing mutations in other genes 
of the leu operon, such as leuA371, leuC222, or leuD211 
(11). 

If pYefeulO carries a segment of yeast DNA that specifies 
the synthesis of a functional /3-isopropylmalate dehydrogenase, 
it should complement deletions of the leuB region in the bac- 
terial host cell. Although well-characterized leuB deletions in 
E. coli K-12 were not available, several leu deletion mutants 
in Salmonella typhimurium have been mapped by Calvo and 
Worden (12). The pYete«10 plasmid was transferred from 
strain JA199 into the Salmonella deletion mutants leuA124, 
leuB698, leuC5076, and leuD657 (obtained from Joseph Calvo), 
by F-mediated transfer (6). Leu+ Salmonella colonies were 
obtained only from the JA199/pYefe«10 X leuB698 cross, with 
a frequency of 10"*^ Leu"*" recipients per donor cell. Plasmid 
DNA isolated from four of the Salmonella Leu"*" strains gave 
an EcoRI restriction fragment pattern identical to that from 
authentic pYeteulO DNA. Thus, the presence of pYetewlO 
DNA correlates with the transfer of a Leu+ phenotype to a 
strain harboring a deletion in leuB. 

Isolation of Hybrid Plasmids That Complement a bisB 
Deletion. Mixed plasmid DNA isolated from the 40,000 
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Fig. 2. Reassociation kinetics of labeled single-stranded 
pYe/eulO DNA fragments (0.085 Mg/ml) in the presence of single- 
stranded fragments of: (• •) salmon sperm DNA, 1000 /ig/ml; 

(©• • •©) E. coti DNA, 196 »*g/ml; (O O) yeast (S. cerevisiae) DNA, 

176 Mg/ml; and (©• • •©) yeast DNA, 526 iig/val. The experiment was 
carried out as described in Methods. C, DNA concentration in moles 
of nucleotide per liter; Co, initial DNA concentration; t, time in' sec- 
onds; n, 0.45 (18). 

transf ormant colonies was used in attempts to transform several 
E. coli auxotrophic strains to prototrophy. Among these strains 
was hisB463, which lacks an active imidazole glycerol phos- 
phate dehydratase. Struhl et al. (4) have previously isolated a 
X phage containing a segment of yeast DNA (Xgt-Sc/tis) that 
suppresses this mutation. Two micrograms of our mixed hybrid 
plasmid DNA was used to transform strain hisB463, selecting 
for His"*". Three His"*" colonies were detected after 5 days of 
incubation at 30°, as compared to 10^ colicin-El-resistant 
colonies. These colonies were colicin-El-resistant, but sensitive 
to colicin E2. Plasmid DNAs were isolated from these strains 
and used to transform strain hisB463 again. As shown in Table 
1, these purified plasmid DNAs (pYehisl, pYehis2, and pYe- 
hisS) transformed the kisB463 strain to colicin El resistance 
and to His''' with high frequency. Transformation to His''' oc- 
curred at a lower frequency than to colicin El resistance, al- 
though prolonged incubation produced more His''' colonies. 

All three pYehis plasmids are of similar size, with a molecular 
weight of 10.7 X 10^. They each contain a single EcoBl endo- 
nuclease restriction site within the segment of cloned yeast 
DNA, and are probably identical. 

The pYe/eulO and pYeAis2 Plasmids Ck>ntain Yeast DNA. 
We have shown that purified pYefeylO and pYehls DNAs can 
suppress the appropriate leu or his mutation in E. coli; it is also 
necessary to establish the source of the cloned DNA segments. 
In order to prove that these plasmids contain segments of yeast 
DNA, we labeled pYe/eulO and pYehis2 DNAs by nick trans- 
lation with DNA polymerase I and '^H-labeled deoxynucleoside 
triphosphates and determined if single-stranded plasmid DNA 
would reassociate with authentic yeast DNA. 

The reassociation of single-stranded pYe/eulO DNA was 
driven well by yeast DNA single strands, but not appreciably 
by single-stranded £. coli DNA (Fig. 2). If one assumes that 70% 
of pYeieulO is yeast DNA (from the total pYefeulO molecular 
weight, 13.5 X 10^, minus the ColEl segment, 4.2 X 10^), then 
we can calculate from the initial slopes of the reassociation rate 
curves that the yeast segment in pYe/e« 10 is 0. 1 1-0. 12% of the 




Fig. 3. Reassociation kinetics of labeled single-stranded pYehis2 
DNA fragments (0.07 ng/ml) in the presence of single-stranded 

fragments of: (ffi ©) salmon sperm DNA, 1000 fig/ml; and (O- • -O) 

Xgt-Sc/iis DNA, 1.25 ng/ml. See Methods for details. 



yeast genome. If we further assume one copy of the pYeieulO 
segment in the yeast genome, then the total yeast genome would 
be 7.8 to 8.5 X 10^ daltons, well within the range of values in 
the literature (5 to 10 X 10^ daltons) (5). Apparently this seg- 
ment of DNA is a unique fragment of the yeast genome. 

Fig. 3 shows the reassociation kinetics of single-stranded 
pYehis2 DNA in the presence or absence of single-stranded 
Xgt-Sc/ifc DNA, from the recombinant X phage containing a 
segment of yeast DNA that suppresses the hisB463 mutation 
(4). If the pYehis2 plasmid and Xgt-Sc/ife contain similar seg- 
ments of yeast DNA, then the addition of Xgt-Sc/ifc single- 
stranded DNA should increase the rate of reassociation of sin- 
gle-stranded pYehis2 DNA. As shown in Fig. 3, Xgt-Scftfe DNA 
markedly increases the rate of reassociation of pYehis2 DNA. 
The fraction of Xgt-Sc/»fc DNA that is homologous to the pYe- 
his2 DNA can be calculated as above to be equal to 22% of the 
Xgt-Schfe DNA (30 X 10^ daltons), equivalent to 6.6 X 10^ 
daltons of DNA. From the molecular weights of pYehis2 and 
ColEl DNAs and assuming a full-length ColEl segment is 
present in pYekis2, the calculated mass of the cloned yeast DNA 
segment would be 6.7 X 10^ daltons. pYehis2 DNA contains a 
single EcoRl site, which is apparently identical to one of tile two 
sites defining the yeast segment in Xgt-Schfc DNA. 

Efficiency of the Complementation. One mefBore of the 
efficiency of complementation or suppression of an £. coli 
mutation by a cloned yeast DNA segment would be the Rlative 
growth rates of the transf ormant and wild-type cells in minimal 
unsupplemented media. For example, hisB463 strains con- 
taining the Xgt-Sc/i<s prophage are reported to grow with a 2.7 
hr generation time in minimal medium without Idstidiiie, versus 
a 2. 1 hr generation time for a. his'*' wild-type under the same 
conditions (4). Colonies of leuB/ pYeleulO Strain growing on 
minimal solid media without leucine ajqiear to grow at about 
1/3-1/2 the rate of wild-type colonies. In Uqaid minimal media 
without leucine, a leuB transductant of a leuB6 strain grew 
twice as fast (1 hr doubling time) as did strain leuB6/ pYefeu 10 
(2 hr doubhng time). However, in media supplemented with 
leucine, both strains grow with a 1 hr doubhng time. Appar- 
ently, the presence of the yeast DNA segment in pYe/eulO 
partially compensates for the leuB mutation, but has no dele- 
terious effects on the bacterial cell. 

leuBG strains bearing the pYeteu 1 1, pYefeu 12, and pYefeu 17 
plasmids grow very slowly when plated on sohd media without 
leucine, requiring 3-4 days at 30° to form tiny colonies just 
visible to the naked eye. Apparently the suppression effect as- 
sociated with the presence of these plasmids in leuB6 strains 
is quite inefficient. 

Although the selections for the pYefeu and pYehis containing 
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strains were carried out at 30° (the optimum temperature for 
yeast growth), strains bearing these plasmids grew equally well 
at 37° on selective media. 

DISCUSSION 

It now seems clear that segments of yeast DNA capable of 
complementing a variety of E. colt mutations can be readily 
isolated. The actual mechanism of complementation by the 
cloned DNA is not clear. The hisB463 mutation that is com- 
plemented by the yeast DNA cloned in pYehis2 and Xgt-Sc/ifc 
is thought to be a deletion (4). The leuB6 mutation in strain 
JA199 is a point mutation, but we have observed high frequency 
transfer of the Leu"*" phenotype to a Salmonella typhimurium 
leuB deletion by F-mediated transfer from a pYefewlO strain. 
However, even if a deletion mutation is complemented, we are 
not certain that the yeast DNA in pYefeulO contains the ho- 
mologous gene from yeast, leu2 (20). The different miheu of 
the E. coli cell may allow a product from some other yeast gene 
to function as a j8-isopropylmalate dehydrogenase. 

Certainly the mechanism of this typw of complementation 
or suppression can differ in various cases. For example, in ad- 
dition to pYefewlO, three other hybrid ColEl-yeast DNA 
plasmids have been found that suppress the leuB6 mutation, 
although with a much lower efficiency than does pYefewlO. 
These plasmids all display different patterns of cutting by en- 
donuclease EcoRl. Although pYefeulO will strongly comple- 
ment any of the leuB mutations we have tried (Table 1), these 
other pYeleu plasmids appear to suppress only the leuB6 
mutation in C600 strains. The possibility exists of missense 
suppression mediated by yeast tRNA or aminoacyl-tRNA 
synthetases produced from yeast genes on the plasmid, since 
it is well known that tRNA misaminoacylation occurs readily 
in E. coft- yeast heterologous systems (21). 

We believe, then, that many yeast DNA segments in E. coli 
will be readily expressed; the barriers to translation and tran- 
scription are somehow overcome. However, not all genes will 
be expressed similarly. For example, the pYeAis2 plasmid and 
Xgt-Schis phage are expressed somewhat more efficiently than 
is pYefeulO, as measured by growth rates of transformants on 
unsupplemented minimal media. pYehis2 transformants to 
His"*" do not occur at the same frequency as do transformants 
to cohcin El resistance; few His'*' transformants appear at first 
but increasing numbers appear with longer incubation times. 
pYefeulO transformants to Leu"*" and to colicin El resistance 
do occur at the same frequency, and they appear more syn- 
chronously. These differences could be due to differing rates 
of expression as alluded to by Struhl et al. (4) or to the expression 
of other genes on the plasmids that hinder cell growth in the 
case of pYehis2. 

The level of success with which we have found hybrid 
ColEl-yeast DNA plasmids that suppress E. coli mutations is 
fairly good. Out of 11 different mutations tried with our re- 



combinant collection, two were successfully suppressed and 
another two to three show apparent complementation, but have 
not yet been completely characterized. In one case, a trpAB 
deletion has been shown to be suppressed by a ColEl-yeast 
recombinant plasmid, and the cloned DNA segment has been 
shown to be yeast DNA. Thus, it seems possible that productive 
expression of yeast (and perhaps other eukaryotic) DNA in E. 
coli can occur more readily than has previously been antici- 
pated. 

We are grateful to Denise Richardson and Gary Tschumper for 
valuable technical assistance; to K. Struhl and R. Davis for a gift of 
Xgt-Sc/iis DNA, and to J. Calvo for supplying several key leu mutant 
strains. Strain JA199 was constructed by Margaret Nesbitt. This work 
was supported by Research Grants CA-11034 and CA-15941 from the 
National Cancer Institute, U.S. Public Health Service, and by a research 
grant from Abbott Laboratories. 
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ABSTRACT The inducible quinic acid catabolic pathway 
of Neurospora crassa is controlleid by four genes, the qa cluster 
which includes structural genes qa-2, qa-3, qa-4 for three en- 
zymes and a regulatory gene, qa-l. In this paper we report the 
molecular cloning of at least the qa-2 gene wnich encodes the 
catabolic dehydroquinase (5-dehydroquinate hydro-lyase, EC 
4.2.1.10). Endo'R'JXindlll restriction endonuclease fragments 
of N. crassa DNA from a qa-l ^ (constitutive) mutant and of 
Escherichia coli plasmid pBR322 DNA were ligated in vitro and 
used to transform an aroD6 (5-dehydroquinate hydrolyase de- 
ficient) strain of E. coli K12. The recombinant plasmid (pVK55) 
isolated from one AroD'*' transformant (SK1518) contained, in 
addition to pBR322, two N. crassa Hindlll fragments with 
molecular weights of 2.3 X 10^ and 1.9 X 10". Derivatives of 
SK1518 cured of plasmid DNA were phenotypically Amp^ and 
AroD~. These cured strains, retransformed with pVK55, were 
phenotypically Amp^ and AroD'*'. Strains transformed with 
p VK55 possessed 5-dehydroquinate hydrolyase activity but no 
activity was present in any AroD~ strain. The enzyme extracted 
from strains containing the recombinant plasmid was identical 
to N. crassa catabolic dehydroquinase by the criteria of heat 
stability, ammonium sulfate fractionation, immunological 
crossreactivity, molecular weight, and purification character- 
istics. This identity demonstrates that the N. crassa qa-2''' gene 
is carried by the recombinant plasmid and is apparently tran- 
scribed and translated with complete fidelity. Furthermore, 
subunit assembly of the N. crassa polypeptides also occurs in 
E. coli, because the catabolic dehydroquinase is a multimer 
composed of approximately 20 identicalsubunits. 

Recent progress in the elucidation of molecular mechanisms 
involved in genetic regulation in prokaryotes has depended on 
the isolation of DNA sequences carrying both structural and 
regulatory genes. Purification of these DNA sequences has led 
to the establishment of in vitro systems in which the mode of 
action of regulatory proteins could be directly tested (1) and, 
in addition, has permitted the sequencing of promoter and 
operator regions (2-4). By using molecular cloning techniques, 
it should now be p)ossible to isolate similar DNA sequences from 
eukaryotes. Of particular significance is the recent demon- 
stration by Struhl et al. (5) and Ratzkin and Carbon (6) that 
either X or plasmid hybrids containing specific yeast genes can 
be selected by their ability to complement auxotrophic mutants 
of Escherichia coli. Cloned DNA sequences obtained by this 
method will be useful for the study of eukaryotic gene regula- 
tion only if they contain both structural and regulatory 
genes. 

One such DNA sequence is the qa gene cluster of Neurospora 
crassa which controls the first three reactions in the inducible 
quinic acid catabolic pathway (Fig. lA) (7, 8). Three of the loci 
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are the structural genes for the individual qa enzymes: qa-2, 
catabolic dehydroquinase (5-dehydroquinate hydro-lyase, EC 
4.2.1.10); qa-3, quinate dehydrogenase (quinate:NAD"'" oxi- 
doreductase, EC 1.1.1.24); and qa-4, dehydroshikimate dehy- 
drase. The fourth gene, qa-l, encodes a regulatory protein 
which in conjunction with the inducer, quinic acid, controls the 
expression of the three structural genes. The catabolic dehy- 
droquinase enzyme of N. crassa has been well characterized 
(9) and is capable of complementing aromatic amino acid 
auxotrophs deficient in the biosynthetic dehydroquinase iso- 
zyme (10). This combination of structural genes under the 
control of a tightly linked regulatory locus and a well-defined 
enzymatic activity (catabolic dehydroquinase) which should 
complement an aroD~ mutant of E. coli (see Fig. 1) makes the 
qa gene cluster an ideal DNA sequence for cloning on a re- 
combinant plasmid. 

In this communication we describe the isolation and pre- 
liminary characterization of a pBR322-N. crassa DNA re- 
combinant plasmid that complements an aroD6 (5-dehydro- 
quinate hydrolyase deficient) strain of £. coli. The transformed 
strains contain a 5-dehydroquinate hydrolyase activity which 
has been shown to be biochemically and immunologically 
identical to the N. crassa catabolic dehydroquinase. 

MATERIALS AND METHODS 

Materials. Reagents were obtained from the following 
sources: CsCl (high purity), Penn Rare Metals; Sarkosyl NL-97, 
Geigy Chemical Co.; lysozyme, Worthington Biochemical 
Corp.; "ultra pure" (NH4)2S04 and enzyme grade sucrose, 
Schwarz/Mann; agarose, Seakem Laboratories; ethidium bro- 
mide, Calbiochem; bovine serum albumin, Miles Research 
Laboratories; goat anti-rabbit antiserum, Grand Island Bio- 
logical Co.; chloramphenicol, tetracycline, streptomycin sulfate, 
and RNase II A, Sigma Chemical Co.; ampicillin (Omnipen), 
Wyeth Pharmaceutical Co. Spectinomycin sulfate was the 
generous gift of the Upjohn Co. T4 DNA ligase was purified 
by the method of Weiss et al. (11). Endo-R-Hlndlll was ob- 
tained from New England Biolabs, Inc. Endo-R-EcoRI was 
purified by the method of Green et al. (12). One unit of either 
enzyme is defined as that amoimt required to completely digest 
1 Mg of X DNA in 1 hr at 37°. All other chemicals were reagent 
grade. Bacteriophage X DNA was graciously supplied by R. 
Mural. 

Bacterial Strains and Media. The relevant genotypes and 
origins of the bacterial strains are listed in Table 1. Bacterial 
nomenclature conforms to the suggestions of Demerec et al. 
(13) and Bachmann et al. (14). 

The procedure and media for conjugational crosses were 
those of Willetts et al. (15). Specific genotypic characteristics 
were determined by using the replica plating techniques of 
Clark and Margulies (16). The presence or absence of the hsdR4 
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* A = Spc« mutant of AB1360 obtained with ethyl methanesulfonate; B = SK274 X HB94 Pro+ conjugant; C = Str^ mutant of SK1478 obtained 
with ethyl methanesulfonate. 

^ These strains contain an unknown mutation that prevents high levels of complementation of the aroD6 allele in the presence of pVK55. This 
mutation has reverted or been suppressed in SK1518 and its derivatives. 



allele was tested for by the ability to plate Plcir-K or Plvir-B. 
Cells were grown in Luria (L) broth (17) or K medium (18). 
Minimal medium consisted of M56/2 buffer (15) supplemented 
with glucose (0.5%), appropriate amino acids (50 /ig/ml), 
thiamin (0.001%), and ampicillin (20 fig/ml). AroD+ trans- 
formants were selected by the ability of colonies to grow on 
minimal agar plates lacking aromatic amino acids. 

Purification of Plasmid and N. crassa DNA. Plasmid 
pBR322 DNA was obtained from E. coli C600 (pBR322) grown 
in L broth (plus ampicillin, 20 Mg/ml) by the method of Vapnek 
et al. (19). N. crassa DNA was isolated from a qa-1 ^ (consti- 
tutive) mutant, strain M105-R12-1.5 (20), by the method of 
Hautala et al. (21). The DNA was further purified by digestion 
with preheated RNase followed by Sepharose 4B chroma- 
tography in 10 mM Tris-HCl, pH 7.5/1 mM EDTA/0.2% 
Sarkosyl. 

Construction of Recombinant pBR322 Plasmids. N. crassa 
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Fig. 1. Relationship of the initial reactions of the inducible quinic 
acid catabolic pathway in^. crassa {A) with the initial reactions of 
the aromatic amino acid biosynthetic pathway in E. coli {B). Abbre- 
viations: QA, quinic acid; PCA, protocatechuic acid; DHQ, dehydro- 
quinic acid; DHS, dehydroshikimic acid; DAHP, 3-deoxy-D-arabi- 
noheptolusonic acid 7-phosphate; SA, shikimic acid. 



DNA and pBR322 DNA were simultaneously digested to 
completion with Endo-R-Hindlll. The reaction mixture (340 
nl) containing 32 ng of N. crassa DNA, 10 ng of pBR322 DNA, 
6 mM Tris-HCl, (pH 7.5), 50 mM NaCl, 6 mM MgClg, 40 ng 
of bovine serum albumin, and 100 units of Endo-R-Hfndlll was 
incubated for 75 min at 37°. After heating at 65° for 10 min to 
inactivate the enzyme, the mixture was further incubated for 
5 min at 37° prior to addition of phage T4 ligase. Ligation was 
performed in a final volimie of 400 n\ by the method of Tanaka 
and Weisblum (22), followed by dialysis for 4 hr against 1 liter 
of 10 mM Tris-HCl, pH 7.0/1 mM EDTA. 

Bacterial Transformation. Recipient strains were trans- 
formed as described (19) except that DNA uptake was allowed 
to take place dining a 1-min incubation at 43.5°. After growth 
at 37° in L broth for 18 hr, the cells were concentrated by 
centrifugation such that approximately 2 X 10* cells were 
plated on each minimal agar selective plate (plus ampiciUin, 
20 fig/ ml). Some cells were plated on L agar plates cbntaining 
ampicilUn (20 ng/ml). The transformation proficiency of the 
initial experiment was approximately 1 X 10* transformants 
per ng of DNA. 

Transformation of recipient strains with purified recombi- 
nant plasmid DNAs was carried out by the same technique 
except that 0.5 ng of DNA was used per 10* cells and overnight 
expression was omitted. In addition, the cells were washed twice 
with M56/2 buffer prior to plating on minimal selective agar 
plates. 

Purification and Analysis of Recombinant Plasmid DNAs. 

Recombinant plasmid DNAs were purified as described by 
Vapnek et al. (l9). Plasmid DNAs were digested with Endo- 
R-Hfndlll and electrophoresed on 0.8% agarose gels as outlined 
(19). 

Biochemical Procedures. The assay procedure for 5-dehy- 
droquinate hydrolyase has been reported (23). One unit of ac- 
tivity represents 1 iraiol of dehydroshikimate produced per min 
at 37°. 

For enzyme assays, 500-ml cultures were grown in L broth 
(plus ampicillin, 20 ng/ml) to 2.5 X 10* cells per ml, washed 
with 50 mM Tris-HCl, pH 7.5/10% sucrose, and stored at -70°. 
The cells were lysed according to the procedure of Wickner et 
al. (24) with the following modifications. The frozen cell pellet 
was resuspended in 50 mM Tris-HCl, pH 7.5/10% sucrose (0.75 
g wet weight of cells per 10 ml of buffer), frozen in a —50° dry 
ice/ethanol bath, and thawed at 20°. To each 10 ml of cell 
suspension were added 1.25 ml of 0. 1 M EDTA, 0.25 ml of 4 M 
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NaCl, and 1.0 ml of lysozyme (2.5 mg/ml in 0.25 M Tris-HCl, 
pH 7.5). After 30 min at 0° and 20 min at 37°, the suspension 
was centrifuged at 100,000 X g for 60 min, and the clear su- 
pernatant was made 0.4 mM in dithiotreitol and 0.1 mM in 
phenylmethylsulfonyl fluoride. 

Thermal stability studies were performed by heating the 
crude supernatants at 71° for 10 min. The 0-50% ammonium 
sulfate fractions were obtained from the crude, unheated su- 
pernatants. The precipitates were dissolved in buffer A (10 mM 
potassium phosphate, pH 7.5/0.4 mM dithiothreitol/0.1 mM 
EDTA/O.lmM phenylmethylsulfonyl fluoride and dialyzed 
overnight against the same buffer prior to assay. Double- 
immunoprecipitation experiments were performed using the 
dialyzed ammonium sulfate fractions or, in the case of SK1313, 
the crude supernatant was dialyzed against buffer A. The 
samples were treated with the gamma globulin fraction of 
rabbit antiserum prepared against pure catabolic dehydro- 
quinase from N. crassa (25) followed by treatment with goat 
anti-rabbit antiserum (26), 

The 5-dehydroquinate hydrolyase activity from the trans- 
formed strain SK1518 was purified according to the procedure 
reported (9) for the isolation of catabolic dehydroquinase from 
N. crassa (9) except that the RNase/DNase treatment was 
omitted and the activity was precipitated with 50% ammonium 
sulfate. 

Protein concentrations were determined by the microbiuret 
(27) and Lowry (28) techniques. Analytical polyacrylamide disc 
gel electrophoresis was performed according to the method of 
Davis (29). Sucrose density gradient centrifugations were 
performed according to the method of Martin and Ames (30) 
at 37,000 rpm and 4° for 18 hr in an SW 65 rotor. 

Containment. The experiments were carried out under 
P2/EK1 conditions as specified by the "National Institutes of 
Health Guidelines for Recombinant DN A Research. " 

RESULTS 

Construction of Hybrid Plasmids and Bacterial Trans- 
formation. pBR322 is a ColEl related plasmid (molecular 
weight 2.6 X 10^) that carries resistance to ampicillin (Amp**) 
and tetracycline (Tc'*) and contains a single Endo-R-Hindlll 
cleavage site (31). Because Endo-R-Hindlll cleaves within the 
promotor for the Tc" gene, introduction of foreign DNA into 
this site results in sensitivity to tetracycline and facilitates the 
identification of hybrid plasmids (31). 

The mixture of N. crassa nuclear DNA and plasmid pBR322 
DNA prepared as described in Materials and Methods was 
used to transform an aroD6 (5-dehydroquinate hydrolyase 
deficient), hsdR4 (restriction deficient) strain of E. coli K12 
(SK1485). Apparent complementation of the aroDG allele was 
detected by plating transformed cells on minimal agar plates 
lacking aromatic amino acids. Presumptive transf ormants that 
appeared were tested for the other chromosomal markers car- 
ried by SK1485 as well as for the phenotypic properties ex- 
pected of strains carrying a pBR322 recombinant plasmid 
(AmpR, TcS). 

Approximately 2 X 10'* colonies appeared, and 2000 were 
tested. Of these, one had the properties expected of a strain 
carrying a pBR322 recombinant plasmid that could comple- 
ment the chromosomal aroD6 mutation. Although this isolate 
initially grew slowly on minimal agar medium, upon purifi- 
cation one faster growing colony appeared. This colony 
(SK1518) was further purified for analysis. 

Electrophoretic Analysis of Recombinant Plasmid DNA. 
Plasmid DNA was prepared from SK1518 and from a strain 
carrying a putative hybrid plasmid that did not complement 




Fig. 2. Electrophoretic analysis of recombinant plasmids. 
Plasmid DNAs were isolated and digested with Endo-R-Hindlll (B-E) 
as described in Materials and Methods. Lanes: A, X DNA digested 
with Endo-R-£coRl; B, pBR322; C, pVK55 from SK1524; D, pVK55 
from SK1518; E, pVK53. 

the aroD6 mutaHon (SK1516). The purified DNAs, along with 
pBR322 DNA, were analyzed by agarose slab gel electropho- 
resis after Endo-R-Hindlll digestion. X DNA treated with 
Endo'R'EcoRI was included as a molecular weight standard 
(Fig. 2, lane A). Treatment of pBR322 with Endo-R-Hindlll 
yielded a single DNA band of 2.6 X 10^ daltons (Fig. 2, lane B). 
When the plasmid obtained from SK1518 (pVK55) was digested 
with Endo-R-ffindlll, three distinct fragments appeared (Fig. 
2, lane D). One of these corresponded to pBR322, while the 
other two were calculated to be 1.9 X 10^ and 2.3 X 10^ daltons, 
based on the X molecular weight standard. Cleavage of the 
plasmid from SK1516 (pVK53) with Endo-R-Hindlll produced 
two DNA bands, one corresponding to pBR322 and a small 
DNA fragment of about 3 X 10^ daltons (Fig. 2, lane E). 

Properties of pVK55. To confirm that pVK55 carried the 
gene that resulted in complementation of the E. coli aroD6 
allele, SK1518 was cured of the plasmid by overnight growth 
at 44° in the presence of acridine orange (50 ng/ml). The cells 
were subsequently plated on L agar plates and tested for the 
appropriate phenotypic properties. Of 81 surviving colonies 
tested, 4 were sensitive to ampicillin and unable to grow in the 
absence of aromatic amino acids. 

One of these cured derivatives (SK1520) and the original 
aroD6 strain (SK1485) were used as recipients for transfor- 
mation with pVK55 plasmid DNA. All Amp^* transformants 
of SK1485 analyzed (n = 200) grew extremely poorly in the 
absence of added aromatic amino acids (750^min doubling 
time), whereas the Amp'* transformants of SK1520 grew as well 
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Table 2. Levels of 5-dehydroquinate hydrolyase activity, fftipi 
N. crassa and various E. coli derivatives 
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Strain 


Genotype 


Plasmid 


units 


mg 


units/mg 


SK1313 


aroD+ 




1.86 


44.2 


0.042 


SK1516 


aroD6 


pVK53 


<0.03 


44.7 


<0.0007 


SK1518 


aroDS 


pVK55 


0.44 


35.0 


0.013 


SK1520 


aroD6 




<0.03 


52.0 " 


<0.0006 


SK1524 


aroD6 


pVK55 


0.42 


53.1 


0.008 


SK1529 


aroD6 


pVK55 


0.48 


47.9 


0.010 


M16t 


qa-2* 




2.4 


76.5 


0.031 



* Determined as described in Materials and Methods. 
t Strain M16 of N. crassa (32), induced with quinic acid. 



on minimal medium as SK1518 (136-min doubling time). In 
contrast, an aroD + strain (SK1313) had a doubling time of 66 
min, whereas the aroD6 mutant (SK1485) showed no detectable 
growth without the addition of aromatic amino acids. 

When the plasmids isolated from retransformants of SK1485 
(SK1524) and SK1520 (SK1529) were treated with Endo-R- 
//in dm and examined by gel electrophoresis, they were found 
to be identical to pVK55. The electrophoretic pattern of one 
of these, the plasmid from SK1524, is shown in Fig. 2, lane 
C. 

These results suggested that a plasmid-carried activity was 
responsible for the complementation of the aroD6 allele but that 
the extent of complementation depended on the presence or 
absence of an additional chromosomal mutation. In order to 
confirm this hypothesis, both SK1518 and SK1524 were mated 
with either KL208 or KL226 donor Hf r strains. Among the 
Arg"*", Str'^ recombinants obtained in a cross of SK1524 and 
KL208, greater than 90% showed high levels of complemen- 
tation, whereas all the conjugants obtained with KL226 retained 
their poor growth characteristics in the absence of aromatic 
amino acids. No alteration in the level of complementation was 
observed when SK1518 was used as a recipient in similar crosses. 
These results suggested that SKI 485 carried a second mutation 
that prevented a high level of complementation of the aroD6 
mutation by the pVK55 recombinant plasmid. 

Characterization of Dehydroquinate Hydrolyase Activity. 
Several E. coli strains transformed with either pVK53 or pVK55 
were lysed and assayed for 5-dehydroquinate hydrolyase ac- 
tivity. The AroD- strains tested [SK1516 (pVK53) and SK1520] 
showed no detectable 5-dehydroquinate hydrolyase activity 
(Table 2). In contrast, three derivatives carrying pVK55 
(SK1518, SK1524, and SK1529) all contained significant levels 
of enzyme although the activities were lower than those from 
an aroD+ E. coli control strain (SD1313) or a quinic acid in- 
duced strain (M16) of N. crassa. 

The characteristics of the 5-dehydroquinate hydrolyase ac- 
tivity obtained from the AroD+ transformants (SK1518, 
SK1524, and SK1529) were compared with those of the wild- 
type enzyme from E. coli and the catabolic enzyme from N. 
crassa (Table 3). By the criteria of heat stability, ammonium 
sulfate fractionation, and immunoprecipitation, the enzyme 
activity isolated from pVK55 transformed strains of E. coli 
appeared identical to JV. crassa catabolic dehydroquinase. The 
biosynthetic 5-dehydroquinate hydrolyase obtained from 
SK1313 {aroD + } was significantly different by each of these 
criteria. An additional distinction between the two enzymes is 
the native molecular weight. The E. coli biosynthetic enzyme 
has a reported molecular weight of approximately 40,000 (33), 
whereas the catabolic enzyme from N. crassa is considerably 



Table 3. Comparison of 5-dehydroquinate hydrolyase activity 
from N. crassa and various E. coli strains 



% recovery of activity 

Heat Ammonium sulfate* Immune- 



Strain 


Plasmid 


shock 


Pellet 


Supernatant precipitate 


SK1313 




1.5 


1.6 


86 


0 


SK1518 


pVK55 


80 


46 


4 


96 


SK1524 


pVK55 


87 


60 


9 


96 


SK1529 


pVK55 


100 


58 


0 


94 


Mist 




99 


78 


3 


94 



' 50% saturation; see Materials and Methods. 

t Strain M16 of iV. crassa (32), induced with quinic acid. 



larger, 220,000 (9). Sucrose density gradient centrifugation 
demonstrated that the enzyme obtained from pVK55 trans- 
formed strains had a molecular weight identical to the N. crassa 
catabolic dehydroquinase (Fig. 3). 

5-Dehydroquinate hydrolyase was further purified from 
SK1518 by the procedure described for the N. crassa catabolic 
enzyme (9). The activity obtained behaved identically to the 
catabolic N. crassa enzyme with respect to both Sephadex 
G-2(X) gel filtration and DEAE-cellulose chromatography. The 
active fractions obtained from the DEAE-cellulose column were 
pooled, concentrated, and analyzed by polyacrylamide gel 
electrophoresis. A single protein species, which comigrated with 
JV. crassa catabolic dehydroquinase, was observed. 

DISCUSSION 

The results presented in this communication demonstrate 
unequivocally that eukaryotic DNA can be faithfully tran- 
scribed and translated in a prokaryotic host. The presence of 
functional N. crassa catabolic dehydroquinase in E. coli also 
demonstrates that assembly of subunits takes place, because the 
N. crassa enzyme is a multimer composed of approximately 
20 10,000-dalton subunits (9). 

The N. crassa DNA cloned in pVK55 was isolated from a 
strain carrying a qa-1 ^ mutant (constitutive for synthesis of 
catabolic dehydroquinase). Because the qa cluster is under 
positive control exerted by the qa-1 gene, transcription and 
translation of the qa-2+ gene in this mutant occurs only if the 
qa-1 ^ gene is expressed. However, when carried by the re- 
combinant plasmid, the qa-2 + gene could be expressed by one 
of three alternative mechanisms: (i) transcription initiation from 
a pBR322 promoter; (ii) transcription initiation from a normal 
N. crassa promoter by a mechanism that does not require the 
presence of a regulatory protein: (Hi) transcription initiation 
by the normal N. crassa mechanism which requires the pres- 
ence of an expressed qa-1 ^ gene. If the third mechanism should 
prove to be the one operating, pVK55 must contain the entire 
qa cluster because qa-1 and qa-2 are the proximal and distal 
genes of the cluster (34). Although there may be enough N. 
crassa DNA contained in pVK55 to encode for the entire qa 
cluster, initial experiments have not demonstrated the presence 
of the qa-4 gene (dehydroshikimate dehydrase) which is adja- 
cent to qa-2 (34). Furthermore, it is not clear if the two Endo- 
R-Hindlll fragments carried by pVK55 are in fact contiguous 
on the N. crassa chromosome. Preliminary experiments suggest 
that a plasmid containing only the smaller (1.9 X 10^ dalton) 
fragment complements aroD6 mutant strains of E. coli. 

The different levels of complementation obtained with 
p VK55 in various aroD6 strains of E. coli point out a potential 
difficulty in attempting to clone eukaryotic functions in E. coli. 
Strain SKI 485 apparently contained a mutation in addition to 
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Fraction 

Fig. 3. Sucrose density gradient centrifugation of 5-dehydro- 
quinate hydrolyase activity. {A) N. crassa strain M16 (•) and wild- 
type E. co2t strain SK1313 (O). (B) pVK55 transformed strains 
SK1518 (■), SK1524 (♦), and SK1529 (a). 

aroD6 that prevented high levels of complementation and was 
only detected in the presence of the recombinant plasmid. This 
additional mutation was not present in AB1360, SK274, or 
SK1478 and was apparently introduced when SK1478 was 
made Str" by ethyl methanesulfonate mutagenesis. In the ab- 
sence of the spontaneous reversion or suppression of this allele 
in SK1518, pVK55 would not have been isolated. Therefore, 
care must be exercised in determining the genotype of strains 
to be used. 

Another significant factor involved in the successful func- 
tional expression of the N. crassa gene may be the un- 
usual stabihty of catabolic dehydroquinase (9). In a prokaryotic 
background, eukaryotic enzymes with less inherent stability 
may be subject to proteolytic degradation or other conditions 
that prevent their detection. 
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